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Book Description

More than ever before, a compelling need exists for an encyclopedic resource about soil
the rich mix of mineral particles, organic matter, gases, and soluble compounds that foster
both plant and animal growth. Civilization depends more on the soil as human populations
continue to grow and increasing demands are placed upon available resources.

The Encyclopedia of Soils in the Environmentis a comprehensive and integrated
consideration of a topic of vital importance to human societies in the past, present, and future.

This important work encompasses the present knowledge of the world's variegated soils,
their origins, properties, classification, and roles in the biosphere. A team of outstanding,
international contributors has written over 250 entries that cover a broad range of issues

facing today's soil scientists, ecologists, and environmental scientists.

This four-volume set features thorough articles that survey specific aspects of soil biology,
ecology, chemistry and physics. Rounding out the encyclopedia's excellent coverage,
contributions cover cross-disciplinary subjects, such as the history of soil utilization

for agricultural and engineering purposes and soils in relation to the remediation of pollution
and the mitigation of global climate change.

This comprehensive, yet accessible source is a valuable addition to the library of scientists,
researchers, students, and policy makers involved in soil science, ecology, and environmental
science.

Also available online via ScienceDirect featuring extensive browsing, searching, and
internal cross-referencing between articles in the work, plus dynamic linking to journal
articles and abstract databases, making navigation flexible and easy. For more information,
pricing options and availability visit www.info.sciencedirect.com.

* A distinguished international group of editors and contributors

* Well-organized encyclopedic format providing concise, readable entries, easy searches,
and thorough cross-references

* Abundant visual resources — photographs, figures, tables, and graphs — in every entry

* Complete up-to-date coverage of many important topics — essential information for
scientists, students and professionals alike
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FOREWORD

The Encyclopedia of Soils in the Environment is a vitally important scientific publication and an equally
important contribution to global public policy. The Encyclopedia brings together a remarkable range of
cutting-edge scientific knowledge on all aspects of soil science, as well as the links of soils and soil science to
environmental management, food production, biodiversity, climate change, and many other areas of signi-
ficant concern. Even more than that, the Encyclopedia will immediately become an indispensable resource for
policy makers, analysts, and students who are focusing on one of the greatest challenges of the 21st century.
With 6.3 billion people, our planet is already straining to feed the world’s population, and is failing to do so
reliably in many parts of the world. The numbers of chronically poor in the world have been stuck at some 800
million in recent years, despite long-standing international goals and commitments to reduce that number by
several hundred million. Yet the challenge of food production will intensify in coming decades, as the human
population is projected to rise to around 9 billion by mid-century, with the increased population concentrated
in parts of the world already suffering from widespread chronic under-nourishment.

Unless the best science is brought to these problems, the situation is likely to deteriorate sharply. Food production
systems are already under stress, for reasons often related directly to soils management. In Africa, crop yields are
disastrously low and falling in many places due to the rampant depletion of soil nutrients. This situation needs
urgent reversal, through increasing use of agro-forestry techniques (e.g. inter-cropping cereals with leguminous
nitrogen-fixing trees) and increasing the efficient applications of chemical fertilizers. In other impoverished, as well
asrich, parts of the planet, decades of intensive agriculture under irrigation have led to salinization, water-logging,
eutrophication of major water bodies, dangerous declines of biodiversity and other forms of environmental
degradation. These enormous strains are coupled with the continuing pressures of tropical deforestation and the
lack of new promising regions for expanding crop cultivation to meet the needs of growing populations. Finally,
there looms the prospect of anthropogenic climate change. Global warming and associated complex and poorly
understood shifts in precipitation extremes and other climate variables all threaten the world’s natural ecosystems
and food production systems in profound yet still imperfectly understood ways. The risks of gradual or abrupt
climate change are coupled with the risks of drastic perturbations to regional and global food supplies.

The Encyclopedia offers state-of-the-art contributions on each of these challenges, as well as links to entries
on the fundamental biophysical processes that underpin the relevant phenomena. The world-scale and world-
class collaboration that stands behind this unique project signifies its importance for the world community.
It is an honor and privilege for me to introduce this path-breaking endeavor.

Jeffrey D Sachs
Director
The Earth Institute at Columbia University

Quetelet Professor of Sustainable Development
Columbia University, New York, USA



PREFACE

The term ‘soil’ refers to the weathered and fragmented outer layer of our planet’s land surfaces. Formed
initially through the physical disintegration and chemical alteration of rocks and minerals by physical and
biogeochemical processes, soil is influenced by the activity and accumulated residues of a myriad of diverse
forms of life. As it occurs in different geologic and climatic domains, soil is an exceedingly variegated body
with a wide range of attributes.

Considering the height of the atmosphere, the thickness of the earth’s rock mantle, and the depth of the
ocean, one observes that soil is an amazingly thin body — typically not much more than one meter thick and
often less than that. Yet it is the crucible of terrestrial life, within which biological productivity is generated
and sustained. It acts like a composite living entity, a home to a community of innumerable microscopic and
macroscopic plants and animals. A mere fistful of soil typically contains billions of microorganisms, which
perform vital interactive biochemical functions. Another intrinsic attribute of the soil is its sponge-like
porosity and its enormous internal surface area. That same fistful of soil may actually consist of several
hectares of active surface, upon which physicochemical processes take place continuously.

Realizing humanity’s utter dependence on the soil, ancient peoples, who lived in greater intimacy with
nature than many of us today, actually revered the soil. It was not only their source of livelihood, but also the
material from which they built their homes and that they learned to shape, heat, and fuse into household
vessels and writing tablets (ceramic, made of clayey soil, being the first synthetic material in the history of
technology). In the Bible, the name assigned to the first human was Adam, derived from ‘adama,’ meaning soil.
The name given to that first earthling’s mate was Hava (Eve, in transliteration), meaning ‘living’ or ‘life-giving.’
Together, therefore, Adam and Eve signified quite literally ‘Soil and Life.’

The same powerful metaphor is echoed in the Latin name for the human species — Homo, derived from
humus, the material of the soil. Hence, the adjective ‘human’ also implies ‘of the soil.” Other ancient cultures
evoked equally powerful associations. To the Greeks, the earth was a manifestation of Gaea, the maternal
goddess who, impregnated by Uranus (god of the sky), gave birth to all the gods of the Greek pantheon.

Our civilization depends on the soil more crucially than ever, because our numbers have grown while
available soil resources have diminished and deteriorated. Paradoxically, however, even as our dependence on
the soil has increased, most of us have become physically and emotionally detached from it. Many of the
people in the so-called ‘developed’ countries spend their lives in the artificial environment of a city, insulated
from direct exposure to nature, and some children may now assume as a matter of course that food originates
in supermarkets.

Detachment has bred ignorance, and out of ignorance has come the delusion that our civilization has risen
above nature and has set itself free of its constraints. Agriculture and food security, erosion and salination,
degradation of natural ecosystems, depletion and pollution of surface waters and aquifers, and decimation of
biodiversity — all of these processes, which involve the soil directly or indirectly — have become abstractions to
many people. The very language we use betrays disdain for that common material underfoot, often referred to
as ‘dirt.” Some fastidious parents prohibit their children from playing in the mud and hurry to wash their
‘soiled” hands when the children nonetheless obey an innate instinct to do so. Thus soil is devalued and treated



PREFACE ix

as unclean though it is the terrestrial realm’s principal medium of purification, wherein wastes are decomposed
and nature’s productivity is continually rejuvenated.

Scientists who observe soil closely see it in effect as a seething foundry in which matter and energy are in
constant flux. Radiant energy from the sun streams onto the field and cascades through the soil and the plants
growing in it. Heat is exchanged, water percolates through the soil’s intricate passages, plant roots extract
water and transmit it to their leaves, which transpire it back to the atmosphere. Leaves absorb carbon dioxide
from the air and synthesize it with soil-derived water to form the primary compounds of life. Oxygen emitted
by the leaves makes the air breathable for animals, which consume and in turn fertilize plants.

Soil is thus a self-regulating bio-physio-chemical factory, processing its own materials, water, and solar
energy. It also determines the fate of rainfall and snowfall reaching the ground surface — whether the water thus
received will flow over the land as runoff, or seep downward to the subterranean reservoir called groundwater,
which in turn maintains the steady flow of springs and streams. With its finite capacity to absorb and store
moisture, and to release it gradually, the soil regulates all of these phenomena. Without the soil as a buffer, rain
falling over the continents would run off entirely, producing violent floods rather than sustained river flow.

Soil naturally acts as a living filter, in which pathogens and toxins that might otherwise accumulate to foul
the terrestrial environment are rendered harmless. Since time immemorial, humans and other animals have
been dying of all manner of disease and have then been buried in the soil, yet no major disease is transmitted by
it. The term antibiotic was coined by soil microbiologists who, as a consequence of their studies of soil bacteria
and actinomycetes, discovered streptomycin (an important cure for tuberculosis and other infections). Ion
exchange, a useful process of water purification, also was discovered by soil scientists studying the passage of
solutes through beds of clay.

However unique in form and function, soil is not an isolated body. It is, rather, a central link in the larger
chain of interconnected domains and processes comprising the terrestrial environment. The soil interacts both
with the overlying atmosphere and the underlying strata, as well as with surface and underground bodies of
water. Especially important is the interrelation between the soil and the climate. In addition to its function of
regulating the cycle of water, it also regulates energy exchange and surface temperature.

When virgin land is cleared of vegetation and turned into a cultivated field, the native biomass above the
ground is often burned and the organic matter within the soil tends to decompose. These processes release
carbon dioxide into the atmosphere, thus contributing to the earth’s greenhouse effect and to global warming.
On the other hand, the opposite act of reforestation and soil enrichment with organic matter, such as can be
achieved by means of conservation management, may serve to absorb carbon dioxide from the atmosphere. To
an extent, the soil’s capacity to store carbon can thus help to mitigate the greenhouse effect.

Thousands of years are required for nature to create life-giving soil out of sterile bedrock. In only a few
decades, however, unknowing or uncaring humans can destroy that wondrous work of nature. In various
circumstances, mismanaged soils may be subject to erosion (the sediments of which tend to clog streambeds,
estuaries, lakes, and coastal waters), to leaching of nutrients with attendant loss of fertility and eutrophication
of water bodies, to waterlogging and impaired aeration, or to an excessive accumulation of salts that may
cause a once-productive soil to become entirely sterile. Such processes of soil degradation, sometimes called
‘desertification,” already affect large areas of land.

We cannot manage effectively and sustainably that which we do not know and thoroughly understand. That
is why the tasks of developing and disseminating sound knowledge of the soil and its complex processes have
assumed growing urgency and importance. The global environmental crisis has created a compelling need for a
concentrated, concise, and definitive source of information — accessible to students, scientists, practitioners,
and the general public — about the soil in all its manifestations — in nature and in relation to the life of humans.

Daniel Hillel
Editor-in-Chief
May 2004



INTRODUCTION

The Encyclopedia of Soils in the Environment contains nearly 300 articles, written by the world’s leading
authorities. Pedologists, biologists, ecologists, earth scientists, hydrologists, climatologists, geographers, and
representatives from many other disciplines have contributed to this work. Each of the articles separately, and
all of them in sequence and combination, serve to summarize and encapsulate our present knowledge of the
world’s variegated soils, their natural functions, and their importance to humans.

Concise articles surveying specific aspects of soils (soil genesis, soil chemistry and mineralogy, soil physics
and hydrology, and soil biology) are complemented by articles covering transdisciplinary aspects, such as the
role of soils in ecology, the history of soil utilization for agricultural and engineering purposes, the develop-
ment of soil science as a discipline, and the potential or actual contributions of soils to the generation, as well
as to the mitigation, of pollution and of global climate change.

This comprehensive reference encompasses both the fundamental and the applied aspects of soil science,
interfacing in general with the physical sciences and life sciences and more specifically with the earth sciences
and environmental sciences.

The Encyclopedia of Soils in the Environment manifests the expanding scope of modern soil science, from
its early sectarian focus on the utilitarian attributes of soils in agriculture and engineering, to a wider and much
more inclusive view of the soil as a central link in the continuous chain of processes constituting the dynamic
environment as a whole. Thus it both details and integrates a set of topics that have always been of vital
importance to human societies and that are certain to be even more so in the future.

Daniel Hillel
Editor-in-Chief
May 2004
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Introduction

‘Fertigation’ is a fusion of two words: ‘fertilizer’ and
‘irrigation.” Fertigation is the process of applying
mineral fertilizers to crops along with the irrigation
water. This word was first used in the USA to describe
the bubbling of anhydrous ammonia into irrigation
water; later, other fertilizers were applied through a
sprinkler system. The widest use of fertigation is in
drip irrigation. The concept of irrigation with dis-
solved nutrients dates back to Roman times, when
city sewage was used to irrigate crops. The use of jute
bags containing ammonium sulfate ((NH4),SO4)
fertilizer at the entrance of canals and flood irriga-
tion for banana crops has been used by growers in the
Jordan Valley since the early 1930s. Mixing of micro-
nutrients such as zinc sulfate (ZnSO4) with a flood or
furrow irrigation system is still in use in many de-
veloping countries, where farmers place bags of the
soluble nutrients at the inlet of the irrigation water.
Fertigation in various trickle-irrigation technolo-
gies involves the injection of fertilizer solutions into
irrigation systems via calibrated injection pumps. The
corrosive nature of fertilizers prevents the use of fer-
tigation when aluminum or zinc-plated metal pipes
are used for irrigation. The development of plastic
systems for irrigation coupled with the development
of trickle-irrigation systems has enabled the refine-
ment of fertilizer application through the irrigation
lines. The fertilizer industry has adapted to field
demands by introducing pure and soluble fertilizers.
The time-consuming process of the dissolution of vari-
ous fertilizers has led to the development of liquid
fertilizer blends, according to specific recipes as
ordered by growers to meet the demands of specific
plants at particular growing stages and under certain
climatic conditions. The use of conventional, broad-
cast application of fertilizers becomes ineffective with
a drip-irrigation system. An adequate supply to satisfy
plant demands for nutrients from a limited soil root
volume can only be achieved by synchronizing the
supply of water and nutrients during the various grow-
ing stages of the plants. The units used to plan fertiga-
tion are: milligrams of a nutrient consumed per day
per plant, rather than kilograms of a nutrient per
hectare. The daily application rate of fertigation
changes during the growing season and is planned

to meet the plant’s daily demands according to its
nutrient-uptake strategy.

Advantages of Fertigation

Fertigation has some specific advantages over broad-
cast and band fertilization: (1) a frequent supply of
nutrients reduces fluctuation of nutrient concentra-
tion in soil; (2) there is efficient utilization and precise
application of nutrients according to the nutritional
requirements of the crop; (3) fertilizers are applied
throughout the irrigated soil volume; (4) nutrients
can be applied to the soil when soil or crop condi-
tions would otherwise prohibit entry into the field
with conventional equipment. Drip fertigation has
added advantages over other methods of fertigation:
(1) application of nutrients only to the wetted soil
volume where roots are active reduces loss of nutri-
ents by leaching or soil fixation and increases
fertilizer-use efficiency; (2) the crop foliage remains
dry, thus retarding incidence of pests or diseases and
escaping foliage burn; (3) the wind has no effect and
runoff is avoided.

Drip-Fertigation System

A drip-fertigation system is designed specifically for
particular crop, climatic, and soil conditions.

Containers for Fertilizers

There are two main methods of delivering fertilizer
solution to the irrigation lines:

1. Fertilizer dilution tanks: these are connected at
the head of the irrigation line. The difference in water
head between inlet and outlet ports drives some of the
irrigation water through the fertilizer container and
transfers it to the irrigation line;

2. External pump: the fertilizer solution is injected
by positive pressure directly into the irrigation line.
There are several types of pump: some use the energy
of the irrigation water (the pressure and flow in the
main water line is used to move a piston); others use
water flow through a Venturi-type pump to suck the
fertilizer solution into the irrigation line. For small
areas and home gardening, accurate, electric-driven
pumps are available.

The dilution tank delivers a known amount of
fertilizer during the irrigation cycle until all the fertil-
izer is washed from the tank. In this method the
concentration of the nutrients in the trickling water
is varied with time, but a known total amount of
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nutrient per unit area is delivered. With the injection
pump, it is possible to control the concentration of
the nutrients in the irrigation solution.

Filtration

Filtration is a prerequisite in drip irrigation to avoid
clogging of drip lines and emitters, and to maintain a
predicted level of uniformity of water and fertilizer
application. The main filtration system depends on
the quality and source of water supply. It is used to
remove gravel or sand from deep well water sources.
Open surface water (ponds, rivers, or lakes) supplies
may contain organic matter and algae that must be
removed before entry to the lines. In a fertigation
system, the second filtration step (screen filter) after
the fertilizer container is necessary to remove any par-
ticulate or precipitate that comes from fertilizer mix-
tures. Deep water sources may contain divalent soluble
iron (Fe). This iron, when it comes in contact with
phosphate solution, produces a gel-like precipitate
that can block the tricklers and filters. The water qual-
ity and composition must be taken into consideration
at the planning stage of fertigation systems.

Distribution of Water and Nutrients
in Soil

Water Flow

Two main forces, gravity and capillary, govern the
movement of water in the soil during the irrigation
process. During evaporation the net movement of
water is in an upward vertical direction. The classic
infiltration one-dimensional flow equation is:

= [k 5 1)

Change in water content (Jw) with time (9¢) at a pos-
ition in the soil must be equal to change in specific flux
in the vertical direction (z). According to the Darcy
law, specific flux = —K(w) OH /0z, where K is the hy-
draulic conductivity, which is a function of water con-
tent (w), and OH/0z is the hydraulic head gradient.
Hydraulic head (H) is the sum of gravitational head
(z) and matric head (b),i.e., H =z + bh.

When water is applied from a point source by a
drip system, water movement is not one-dimensional
but rather is spread in vertical and radial (r) dimen-
sions. The equation of water flow from a point source
takes the form:

ow 9 ab}
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In drip irrigation, water spreads from a trickler in two
dimensions and creates a wetted front of different
shapes (Figure 1) depending on soil type and water-
discharge rate. When emitter discharge rate is higher
than the soil-infiltration rate, lateral water movement
dominates and a shallower penetration of water is
expected when a constant amount of water is applied.

Nutrient Movement

Mass flow and diffusion govern the movement of
nutrients in soil solution. Mass flow is the movement
of nutrient ions with the moving water. Diffusion
occurs because of concentration gradient. Two-
dimensional (x and z) movement of reactive nutrient
ions in soil is given by the following equation:

dc 0 Oc Jdc
b(e) +11%; =% Do 55+ Du, 5]
0 Oc Oc
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where c is nutrient concentration in the soil solution,
b is buffering capacity of the soil, g is flux of the soil
solution according to the Darcy law, and Dy, is the
coefficient of diffusion. For nutrient application with
a drip system, radial (r) movement of nutrients with
water is added, so the nutrient flow will follow:

Jc 0 Oc Oc
ble) +101 5 =5 |Da 554 Dy, 5]

ot Or
1 Oc Oc
~|Dy, —+ D, —
+ r { b 5y +Ph, az}

0 Jc Oc
“ip = g
" [ b g e ar}

0z
_ {M 9(gz¢) n ﬂ} 4]

or oz r

Equation [4] suggests that strongly adsorbed ions
(such as phosphate; b(c) > 1) have lower mobility in
soil than nonsorbed ions (such as nitrate or chloride).
For a given nutrient concentration, b(c) of fine-
textured soils exceeds that of coarse-textured soils,
therefore mobility of sorbed ions in clay soils is less
than in sandy soils.

Salt mass movement in two different soils and two
discharge rates by drip irrigation is shown in Figure 2.
Both soils have the same initial salt concentration
and the same salt concentration at the soil inlet.
The movement of nonsorbed solute in the vertical
component of the wetted zone is deeper and in the
radial direction it is narrower as the soil become
coarser and the emitter discharge rate becomes lower.
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Figure 1 Water content distribution as a function of infiltration time and cumulative infiltration water (in liters) for two soils and two
discharge rates (Q). (Adapted from Bresler E (1977) Trickle-drip irrigation: principles and application to soil-water management.

Advances in Agronomy 29: 343-393, with permission.)

The concentration and movement of nonsorbed ni-
trate ions, added with water, follow the distribution
pattern shown in Figure 2.

In repeated cycles of fertigation, there is a balance
between the distance of lateral water flow and evap-
oration. As a result, at the border between the dry and
the wet zone, a circle of soluble salts tends to accu-
mulate, especially in hot dry areas with no intermit-
tent rains. The salt accumulated in the wet zone
periphery can reach very high levels and, in the case
of a single flush of rain, this high-salt soil can be
washed into the root zone and cause considerable
damage. To avoid this soluble-salt accumulation on
the soil surface due to evaporation, irrigation under
plastic is used, especially for a permanent utilization
of saline water for irrigation of vegetables and orch-
ards. In arid climates where the evaporation rate is
high, mobile nutrient ions (NO3, Cl~, Ca**, and K)
tend to accumulate at the wet zone periphery in the
soil surface. This higher concentration of soluble salts
is detrimental for young seedlings, because their root
systems might face high salt concentrations even with
good-quality water.

Selection of Fertilizers

Most of the water-soluble and liquid fertilizers are
suitable for fertigation. When choosing a fertilizer,
three main considerations have to be taken into ac-
count: (1) plant type and stage of growth; (2) type of
soil and irrigation system; and (3) quality of available
water. Consideration has to be given to the sensitivity
of a plant to the forms of N during various physio-
logical stages. Some plants such as tomato are very
sensitive to the concentration of ammonium near the
root, so a nitrate-rich nutrient solution is selected for
this type of plant.

At high root temperatures, ammonium might
damage the roots by placing a burden on their root-
soluble sugar content. In aerated soils at high tempera-
tures, nitrate sources outweigh ammonium sources.
On heavy clay soils, a zone of ponded water under
the trickle point might develop where, at high soil
temperatures, local anaerobic conditions can cause
severe nitrate-N (NO3-N) losses to the atmosphere
as N, or N,O gases. In such conditions the plants
can show N deficiency despite sufficient nitrate supply
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concentration in soil. (Adapted from Bresler E (1977) Trickle-drip irrigation: principles and application to soil-water management.

Advances in Agronomy 29: 343-393, with permission.)

through the irrigation line. Low concentrations of N as
urea or ammonium in the irrigation solution might
prevent loss and deficiency of N in plants.

Lowering the pH of the irrigation water to approxi-
mately 5.0 is often needed to keep phosphorus (P) in
solution during the fertilizer injection. P application
as phosphoric acid is preferable during the cold
season. If micronutrients are needed, their soluble
forms as chelates are less susceptible to precipitation
in the irrigation lines and in the soil.

Solubility of Fertilizers

Solid fertilizers vary in their dissolution rate and in
the amount that can be dissolved in a given volume of
water. Solubility of fertilizers is generally reduced
when two or more fertilizers are mixed together.
The solubility of some commonly used fertilizers is
presented in Table 1. This characteristic is crucial for
the suitability of a fertilizer to be used in fertigation.

Solubility of fertilizers generally increases with tem-
perature. When present as a single salt, the main
factor affecting solubility of potassium (K) and ni-
trate fertilizers is temperature. Whether the fertilizer
dissolution is endothermic (the solution temperature
is reduced during dissolution) or exothermic affects
the dissolution rates and energy needed to prepare
fertilizer solution. Most solid N fertilizers absorb
heat when mixed with water. This results in cooling
the solution and slows down the preparation of the
liquid solution in the mixing tank.

The solubility of calcium nitrate (Ca(NOj3),) is
higher at 30°C (Table 1); however, in practice its
endothermic reaction is strong and only 50% of the
amount expected to be dissolved at 30 °C is dissolved
in 5 min, which results in a temperature drop to 2 °C.
When the mixing tank is placed in an open field, this
characteristic could reduce the expected concentra-
tion in the irrigation line, because some of the fertilizer
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Table 1 Solubility, nutrient content, and soil reaction of some common fertilizers used in fertigation

Solubility (g per 100 ml water)

Fertilizer Chemical formulae Grade® N-P-K  Other nutrients Soil reaction 0°C 10°C 20°C 30°C
Urea CO(NHy), 45-0-0 - Acidic - 78 - -
Ammonium nitrate NH4NO3 34-0-0 - Acidic 118 152 192 242
Ammonium sulfate (NH4)2SO, 20-0-0 24% S Acidic 71 73 75 78
Calcium nitrate Ca(NOs3), - 4H,0 15-0-0 17% Ca Basic 102 112 121 150
Monoammonium phosphate NH4H,PO, 11-48-0 1.4% Ca Acidic 23 29 37 46
2.6% S

Diammonium phosphate (NH4),HPO, 21-53-0 - Acidic 43 - - -
Phosphoric acid HsPO, 0-52-0 - Very acidic 548 - - -
Muriate of potash KCI 0-0-62 - Neutral 28 31 34 37
Potassium nitrate KNO3 13-0-44 - Basic 13 21 31 45
Potassium sulfate K280, 0-0-53 8% S Neutral 7 9 11 13

4Concentrations of N, P,0s, and K,0, expressed as a percentage of weight of the fertilizer.

will remain as a solid in the tank. The diverse solubil-
ity characteristics of fertilizers and the problems they
cause to the end user were the trigger to the establish-
ment of dilution plants that supply to the farmers a
nutrient cocktail to order, to meet specific plant needs.
Another approach to the solubility problem of a
mixed nutrient solution has been adopted in the
modern glasshouse industry, where different tanks of
separate nutrient sources and acid and bases are used.
With the help of a computer, it is possible to program
the amounts of each nutrient element to be pumped
into the irrigation line in small doses. This technology
is too expensive to operate in large, open-field and
plantation crops, where the Venturi or proportional
pumps are used to inject the dose of fertilizer solution
from a storage tank into the irrigation line.

Urea, ammonium nitrate, calcium nitrate, potas-
sium nitrate, and ammonium phosphate are easily
soluble in water and are used extensively in the prepar-
ation of single-nutrient or multinutrient fertilizer solu-
tions. Monoammonium phosphate, phosphoric acid,
and urea phosphate are water-soluble, but they may
have precipitation problems when injected at high
rates into hard water (containing large amounts of
calcium and magnesium carbonates). All K fertilizers
are water-soluble, but they vary in their rates of dissol-
ution and sensitivity to the solution temperature.
A common field problem in tanks of mixed fertilizer
solution is precipitation during cold nights.

Compatibility of Fertilizers

Interaction between fertilizers can affect their avail-
ability and uptake by plants. Mixing of two fertilizers
can sometimes result in precipitation. Injection of Ca
salts with phosphate or sulfate may increase the
chances of precipitate formation as calcium phos-
phate or calcium sulfate (CaSOy). Fertilizer compati-
bility is presented in Figure 3. The pH of the irrigation

solution should be within the range 5.5-7.0. A pH
that is too high will reduce the availability of P, zinc,
and iron and may result in precipitation of Ca and
Mg phosphates or carbonates in the irrigation lines.
A pH value that is too low is detrimental to roots
and may increase Al and Mn concentrations in the soil
solution. Nitric (HNQOj3) or phosphoric (H3PO4) acids
are used to reduce the pH level in fertigation. The
advantage of using these acids is that, beside dissol-
ution of basic precipitates in the line, they also supply
the plants with the essential nutrients nitrate and
phosphate, replacing other fertilizers containing N and
P. In saline water and calcareous clay soils, nitric acid
minimizes the increased salinity in the root zone and
supplies only nitrate, which counterbalances excess

chloride.

Precipitation in the Irrigation Lines

Precipitation of insoluble dicalcium phosphate and
dimagnesium phosphate and calcium carbonate can
develop with high-pH water. Iron phosphate precipi-
tate can form in drip lines with low-pH water. Water
containing high levels of Mg ions may cause an am-
monium magnesium phosphate precipitation in the
fertilizer tank. Avoiding the use of ammonium fertil-
izer in such conditions can prevent the risk of
blocking the emitters. Using potassium sulfate
(K,SO4) or ammonium sulfate ((NHy4),SO4) with
water containing high concentrations of Ca can result
in precipitation as CaSOy4 (gypsum precipitates),
which can clog the drip lines.

Scheduling Fertigation

The nutrient elements are taken up by plants
depending upon the plants’ requirements at a specific
developmental stage. Injecting fertilizer into a
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drip-irrigation system offers the benefits of nutrient
application to the crop in optimum amounts and at
times when it is most likely to be taken up by the
plant. Fertigation provides optimum concentrations
and quantities of nutrients directly into the root zone.
Hence, accurate planning of when and how much
fertilizer to apply is critical for fertigation manage-
ment. Nutrient requirements by plants change with
their physiological growth stages. The climatic
factors, timing of fertilizer application, and irrigation
timings affect crop growth and consequently affect
the quantity of nutrients required. A fertigation
schedule depends upon soil characteristics and fertil-
izer requirements of the growing plants. Nutrient (N,
P, and K) uptake by some field and vegetable crops
with respect to growth is given in Tables 2—4. Soil
type, system design, and length of growing season
govern the frequency of fertilizer application. The
frequency of injecting fertilizers varies with soil type
and specific plant requirements. In plants grown on
sand dunes, several irrigations per week might be
needed, while on heavy clay soils only one or two
irrigations per week are needed. The smaller the
root volume, the higher is the fertigation frequency.

Behavior of Nutrients in Soil

Soil chemical properties are important in planning
fertigation. pH has a great effect on the availability

of residual nutrients in soil as well as on those added
via fertigation. The balance between cation and anion
uptake by the plant affects the pH in the rhizosphere.
When a plant takes up more nutrient cations, such as
when NH is the main N source, protons are exuded
by the roots and acidify the soil surrounding the
roots. If the anion uptake is predominant, as when
NOj3 is the main source of N, the roots exude OH™ or
HCO3, resulting in a pH rise in the rhizosphere.
Nitrate and ammonium are the main forms of
N available for plant uptake. Ammonium nutrition
leads to excretion of 0.9mol of H" by roots with
1 mol of ammonium assimilation; while, where there
is nitrate reduction in the leaves, 0.1-0.3 mol of OH™
is released from the root per mole of NO3 taken up.
The rhizosphere pH can change with the form and
concentration of the N fertilizer, but the extent of the
pH change around the root depends on the buffer
capacity of the soil.

Cation exchange capacity (CEC) of the soil is an
important consideration in determining the amount
and frequency of cations that need to be added during
fertigation. In most agricultural soils and irrigation
water, Ca and Mg are present in larger quantities
than those taken up by any crop, and their supply is
usually satisfied with water mass flow. K" is the main
cation that must be supplied with the irrigation water.
In order to maintain an acceptable concentration
of K in the soil solution, a soil with low CEC must
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Table 2 Nitrogen uptake by various field and vegetable crops with respect to relative time of growth

Relative time of growth (%)

Total uptake Projected yield
Crop 0-20 20-40 40-60 60-80 80-100 (gplant™’) Plants ha™’ (tha )
Cotton
gplant™ 0.20 1.80 3.80 2.20 1.60 9.60 25000 1.3°
mgN plant 'day~'2 6 58 123 71 52 62
Maize
gplant™ 0.25 1.58 1.00 0.83 0.50 417 60000 8
mgN plant 'day '@ 11 70 44 37 22 37
Tomato
gplant™ 0.50 0.75 2.50 4.25 3.25 11.25 20000 100
mg N plant™'day™'2 19 28 91 156 119 83
Sweet pepper
gplant™’ 0.40 1.80 1.10 0.70 0.60 4.60 50000 55
mgN plant™'day '@ 20 90 55 35 30 46
Potato
gplant™ 0.08 1.00 1.08 0.50 0.17 2.83 60000 50
mg N plant™'day™'2 4 50 54 25 9 28
Muskmelon
gplant™ 0.20 0.60 1.60 2.80 0.80 6.00 25000 50
mgN plant™'day~'2 10 30 80 140 40 60
Watermelon
gplant™ 0.83 1.67 3.33 6.67 2.50 15.00 12000 75
mg N plant™'day ™2 41 84 166 333 125 150
Cabbage
gplant™ 0.10 0.20 0.80 1.90 0.60 3.60 50000 29
mgN plant 'day'2 8 16 63 150 47 56
Cauliflower
gplant™’ 0.10 0.20 0.50 2.00 1.40 4.20 50000 9
mg N plant™'day ™2 8 16 40 157 110 66
Eggplant
gplant™ 0.50 3.25 2.00 2.50 1.50 9.75 20000 40
mgN plant 'day '@ 14 89 55 69 41 54

aDaily amounts of nitrogen (mgN plant™'day ') added with drip fertigation; this amount includes 10% additional nitrogen for root consumption.

bSeed cotton (lint) yield.

get a fresh supply of K more frequently than in soil
with high CEC, which can hold higher quantities of
K. Fertigation is most practical in sandy soils and soils
of dry and arid regions that have a low CEC, because
these soils need frequent irrigation and quick nutrient
replenishment. Old farming practices considered
sand dunes as nonagricultural soils, but the introduc-
tion of fertigation has turned desert sand dunes into
productive agricultural soils.

Nitrate-N is highly mobile and is more likely to
be lost through surface runoff and leaching. In trickle
irrigation, ponding under the trickler creates an
oxygen-devoid space in which denitrification of ap-
plied nitrate is observed during the irrigation cycle.
The rate of water discharge from an emitter is chosen
to meet the rate of water entry to the soil from a point
source. Volatilization of ammonia during urea ap-
plication might also occur if the irrigation solution
is basic. Acidifying the irrigation water prevents
ammonia losses.

Added phosphate is rapidly adsorbed and pre-
cipitated in the soil, leading to a rapid decline in

water-soluble phosphate concentration in the soil so-
lution. Its movement is retarded owing to retention by
soil oxides and clay minerals. P application with drip
irrigation is more efficient than with sprinkler irriga-
tion or broadcasting. P in fertigation is supplied dir-
ectly into the zone where active roots are present,
allowing its immediate uptake by active roots before
drying and irreversible fixation occur in the soil.

Root Growth

To achieve optimum plant growth, the root zone must
be well supplied with water, nutrients, and oxygen.
Water potential kept by frequent irrigation at a con-
sistently low water tension, especially in clay soil, can
result in a suboptimal supply of oxygen in the root
zone. Roots respond within minutes to a reduction
in oxygen supply by cessation of root extension. The
elongation zone of a cotton root dies after only
30 min without oxygen. In drip irrigation the soil is
saturated only in the vicinity of the trickler (Figure 1),
while most of the soil volume is wetted by an
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Table 3 Phosphorus uptake by various field and vegetable crops with respect to relative time of growth

Relative time of growth (%)

Total uptake Projected yield
Crop 0-20 20-40 40-60 60-80 80-100 (gplant™’) Plants ha™ ' (tha )
Cotton
gplant™ 0.17 0.24 0.80 0.44 0.17 1.80 25000 1.3°
mg P,Os plant™ ' day 2 5.2 7.7 25.8 14.2 5.2 11.6
Maize
gplant™ 0.07 0.30 0.28 0.25 0.10 1.00 60000 8
mg P,Os plant™ ' day 2 2.9 13.2 12.1 11.0 4.4 8.8
Tomato
gplant™ 0.03 0.05 0.17 0.45 0.25 0.95 20000 100
mg P,Os plant™ ' day 2 1.1 1.8 6.2 16.5 9.0 7.0
Sweet pepper
gplant™’ 0.03 0.10 0.20 0.08 0.04 0.45 50000 55
mg P,Os plant™' day "2 1.5 5.0 10.0 4.0 2.0 45
Potato
gplant™ 0.01 0.05 0.10 0.14 0.09 0.39 60 000 50
mg P,Os plant™ ' day 2 0.5 25 5.0 7.0 45 3.9
Muskmelon
gplant™ 0.02 0.08 0.20 0.32 0.20 0.82 25000 50
mg P,Osplant™ " day™'2 1.1 4.0 10.0 16.0 10.0 8.2
Eggplant
gplant™ 0.03 0.12 0.18 0.42 0.35 1.10 20000 40
mg P,Osplant™" day™'2 0.8 3.3 5.0 11.5 9.6 6.0

2Daily amounts of phosphorus (mgP,Osplant™'day ") to be added with drip fertigation; this amount includes 10% additional phosphorus for root

consumption.
bSeed cotton (lint) yield.

Table 4 Potassium uptake by various field and vegetable crops with respect to relative time of growth

Relative time of growth (%)

Total uptake Projected yield
Crop 0-20 20-40 40-60 60-80 80-100 (gplant™’) Plants ha™’ (tha )
Cotton
gplant™ 0.60 2.00 3.60 0.60 0.20 7.00 25000 1.3°
mg K,O plant™’ day*1a 20 65 117 20 7 45
Maize
gplant™ 0.25 1.83 1.00 0.33 0.08 3.50 60000 8
mg K0 plant~'day '@ 1 80 44 14 4 31
Sugarcane
gplant™ 0.50 0.60 0.70 1.80 0.60 4.20 50000 140
mg K,0 plant™’ day*1a 1 13 15 40 13 19
Tomato
gplant™’ 0.70 0.80 3.50 7.00 4.50 16.50 20000 100
mg K0 plant™ ' day '@ 25 30 128 256 165 121
Sweet pepper
gplant™’ 0.50 2.00 1.40 1.40 0.40 5.70 50000 55
mg K,O plant™’ day’“a 25 100 70 70 20 57
Potato
gplant™ 0.20 0.80 1.80 1.50 0.40 4.70 60000 50
mg K,O plant™ ' day™'2 10 40 90 75 20 47
Muskmelon
gplant™ 0.40 1.20 4.00 4.40 2.00 12.00 25000 50
mg K,O plant™' day™'2 20 60 190 220 100 120
Eggplant
gplant™ 0.75 5.00 3.00 1.75 1.00 11.50 20000 40
mg K,0 plant~'day '@ 21 138 82 48 28 64

“Daily amounts of potassium (mg K,O plant’1 day™") to be added with drip fertigation; this amount includes 10% additional potassium for root

consumption.
bSeed cotton (lint) yield.
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unsaturated flow. This situation arises when tricklers
of high discharge rates (more than 11h™") are used in
clay soils. Oxygen is excluded from the saturation
zone when there is a continuous supply of water at
high flux. A slow flow rate can maintain the moisture
and oxygen regime in the wet soil volume at optimum
conditions.

The nitrate-to-ammonium ratio has a significant
influence on the development of the root system.
A higher concentration of ammonium has deleterious
effects on root growth specifically when root tem-
perature is high. At a high root temperature, add-
itional sugar is required simultaneously in large
amounts for respiration and ammonium metabolism
in the root. The supply of sugar from the leaves lags
behind the respiration and metabolism consumption,
resulting in momentary excess of ammonia in the
root that causes root death. Under the same high-
temperature conditions, nitrate reduction occurs
mainly in leaves, where the sugar supply is near the
site of N metabolism. At high soil temperatures, espe-
cially in soilless cultures, nitrate-N is a safe form
of N during fertigation. At low root temperatures, a
high level of NO3 accumulates in the roots and
low amounts are transported to the shoot, resulting
in N deficiency. Therefore, the proper concentra-
tion and form of N applied in fertigation should be
chosen differently for winter and summer seasons for
intensively grown crops.

Subsurface Fertigation

Installation and disassembling of laterals in drip
fertigation every season require extra labor and
energy. Damage to drip lines by movement of heavy
machinery and animals restricts the use of surface
drip-irrigation, although placement of trickle lines at
appropriate soil depths can solve such problems.
Recent improvements in liquid, soluble, and com-
patible fertilizers, filtration devices, and reduced clog-
ging problems have opened the way for development
of subsurface fertigation. Special slow-release chem-
icals imbedded in the plastic of the filters prevent root
entry into the trickler. In addition to cost-effectiveness
and energy saving, subsurface drip-fertigation has
added agronomic advantages over surface drip-
fertigation: (1) placement of nutrients in the region
where root activity is maximal and the daily and
seasonal temperature fluctuations are minimal. Dis-
tribution of nutrients in subsurface applications is
more uniform and spherical around emitters than
surface fertigation, where movement is hemispheric
below the point source and evaporation causes accu-
mulation of soluble salts at the wet zone periphery;
(2) roots can explore a greater soil volume for water

and nutrients, since roots grow deeper in a subsurface
system; (3) the top 4-5cm of soil remains dry in
subsurface fertigation, thereby reducing evaporation
losses and weed germination.

Fertigation gives the plant grower a tool to control
the daily supply of water and nutrients in tandem
with plant growth rate and nutrient demand. When
properly employed, plant potential growth can be
achieved that is only limited by radiation and tem-
perature. To reach maximum plant performance, the
accurate design of fertigation system, efficient utiliza-
tion of equipment, combined with the timely applica-
tion and selection of compatible fertilizers, are
essential criteria. More detailed research on surface
and subsurface fertigation is needed for different
commercial crops. Fertigation in protected agricul-
ture and potted plants must take into consideration
the root zone temperature when choosing N fertilizer.
Further study on the availability and movement of
dissolved nutrients in different soil types to meet
the nutrient requirements of important crops as a
function of time is needed for open-field-grown crops.

See also: Fertilizers and Fertilization; Irrigation:
Methods; Nutrient Availability; Nutrient Management
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Introduction

Fertility of the soil is characterized by physical, chem-
ical, and biological processes that control plant nutri-
ent availability. Knowledge of these processes and
interactions is critical to optimizing nutrient supply
and plant productivity. Plants absorb nutrients dis-
solved in the soil solution. Nutrients in plant residue
left in the field after harvest are ultimately returned
to the soil and are subject to the same reactions
as fertilizer nutrients. Although this cycle varies
among nutrients, understanding nutrient dynamics
in the soil-plant-atmosphere system is essential to
successful nutrient management.

The Importance of Soil Fertility

World population will reach 9.3 billion people by
2050. Since additional arable land is only 15-20%
more than current cultivated land, continued in-
creases in productivity are essential to meet future
food and fiber needs. While crop productivity has
increased greatly since 1950, further advances in agri-
cultural technologies must occur to enhance crop
yield. Principal factors contributing to higher yields
include development of improved cultivars, nutrient

(soil fertility) and pest management, soil and water
conservation, and cultural practices. Development
and use of fertilizer and pesticides are directly related
to increased crop productivity. Without effective and
efficient management of soil fertility, 30-40% more
land area would be needed today to produce the same
yields. Therefore, growers must take advantage of
technologies that increase productivity.

Maximum crop production depends on the growing-
season environment and the ability of the producer to
minimize all yield-limiting factors through appropriate
management technologies. A well-established principle
called the Law of the Minimum requires that the most
yield-limiting factor be corrected first, the second most
limiting factor next, and so on. For example, the cor-
rect variety planted at the optimum time and popula-
tion may not result in the highest yield if plant-available
water or nutrient availability were the most limiting
factors. Thus, minimizing water as a yield-limiting
factor must be accomplished before the crop can fully
respond to management of any other factor.

Essential Plant Nutrients

An essential plant nutrient is involved in metabolic
functions such that the plant cannot complete its life
cycle without the nutrient. Seventeen nutrients are
essential to plant growth (Table 1). Photosynthesis
converts CO, and H,0O into carbohydrates that
form proteins and other compounds. Macronutrients

Table 1 Essential plant nutrients and their relative and average plant concentrations

Plant concentration®
Element or nutrient Relative Average Classification
Hydrogen H 60000000 6.0%
Oxygen O 30000000 45.0%
Carbon C 30000000 45.0%
Nitrogen N 1000000 1.5%
Potassium K 400000 1.0% Primary Macronutrients
Phosphorus P 30000 0.2%
Calcium Ca 200000 0.5%
Magnesium Mg 100000 0.2%
Sulfur S 30000 0.1%
Chloride CI 3000 100 ppm (0.01%)
Iron Fe 2000 100 ppm
Boron B 2000 20 ppm
Manganese Mn 1000 50 ppm Micronutrients
Zinc Zn 300 20 ppm
Copper Cu 100 6 ppm
Molybdenum Mo 1 0.1 ppm
Nickel Ni 1 0.1ppm

4Concentration expressed on a dry-matter-weight basis.
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Figure 1 Relationship between plant nutrient concentration
and vyield. Nutrient-deficient plants exhibit visual deficiency
symptoms (abnormal leaf color or other growth characteristic)
and respond in yield to addition of the deficient nutrient. Plant
nutrient concentration below which plant growth or yield is
increased with nutrient addition is the critical level or range.
Sufficiency or luxury consumption is the concentration range
where added nutrient does not increase yield but increases
nutrient concentration. Excessive or toxic nutrient concentrations
reduce plant growth and yield.

and micronutrients are classified by their relative
abundance in plants (Table 1). Sodium (Na), cobalt
(Co), vanadium (Va), and silicon (Si) are beneficial in
some specific plants.

When plant nutrient concentration is deficient
enough to reduce plant growth severely, distinct
visual deficiency symptoms appear (Figure 1). Ex-
treme deficiencies can result in plant death. Visual
symptoms may not appear when a nutrient is margin-
ally deficient, but plant yield may still be reduced.
Plant nutrient concentration above which plant
growth or yield is not increased is the critical level
or range. Critical nutrient ranges vary among plants
but always occur in the transition between nutrient
deficiency and sufficiency (Figure 1). Sufficiency or
luxury consumption is the concentration range where
added nutrient does not increase yield but increases
nutrient concentration. Nutrient concentration is
considered excessive or toxic when plant growth
and yield are reduced. Plants also absorb many non-
essential elements in the soil solution. For example,
high AI’* in plants occurs in acid soils with relatively
large amounts of soluble Al. In severely acid soils Al
toxicity can reduce plant yield.

Basic Soil Properties and Processes

Plant nutrient availability is a dynamic interaction of
many soil processes (Figure 2). As plants absorb nu-
trients from soil solution, reactions occur to resupply
the solution. Specific nutrients are influenced more
by some reactions than by others. For example,
biological processes are more important to N and
S availability, and surface exchange reactions are
important for K, Ca, and Mg.

Mineral
solubility

Figure 2 General diagram of nutrient cycling in soil. See text
for description.

Crystalline
mineral

Figure 3 lon exchange between nutrient sources (minerals and
OM) and plant roots. As roots absorb nutrients from soil solu-
tion, nutrients adsorbed to the cation or anion exchange capacity
are desorbed, nutrient-bearing minerals dissolve, and/or OM
mineralization resupplies nutrients to soil solution.

Cation and Anion Exchange

Exchange of cations and anions on surfaces of clay
minerals, inorganic compounds, organic matter
(OM), and roots is one of the most important soil
chemical properties influencing nutrient availability
(Figure 3). Adsorbed ions are reversibly exchanged
with other ions in solution. Cation exchange capacity
(CEC) represents the quantity of negative charge
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Figure 4 Influence of soil solution pH on CEC and AEC. Perman-

ent charge is due to isomorphic substitution and pH-dependent
charge is due to broken edges.

Table 2 Typical range in cation exchange capacities (CEC) for
different-textured soils

Soil texture CEC (cmol kg™ ")
Sands (low OM) 3-5

Sands (high OM) 10-20

Loams 10-15

Silt loams 15-25

Clay and clay loams 20-50

Organic soils 50-100

available to attract cations. Anion exchange capacity
(AEC) represents the positive charge available to
attract anions in solution. In most soils CEC > AEC.

CEC generated through isomorphic substitution
is permanent charge unaffected by solution pH
(Figure 4). Both CEC and AEC also occur on mineral
edges and OM surfaces, and vary with pH (Figure 4).
Soils with greater clay and OM contents have a higher
CEC (and AEC) than sandy, low-OM soils (Table 2).

CEC greatly influences nutrient availability, as
most adsorbed cations are plant nutrients, except for
AI’". In acid soils the primary cations are A>T, HY,
Ca*", Mg®", and K*, whereas when soil pH >6.5
major exchangeable cations are Ca®", Mg®", K,
and Na*. Cations are adsorbed with different
strengths, which influences the relative ease of de-
sorption. The lyotropic series, or relative strength of
adsorption, is AI’" > H* > Ca?* > Mg?* > K* =
NH, > Na™. Cations with greater charge are more
strongly adsorbed. For cations with similar charge,
adsorption strength is determined by the size of the
hydrated cation; greater hydrated cation radii reduce
adsorption because larger hydrated cations cannot
get as close to the exchange site as smaller cations.
For anions, the relative strength of adsorption
is H,PO;™ >SO; > NO; =Cl™. In most soils

Soil pH
N [4;] » ~

0 25 50 75 100
% Base saturation

Figure 5 General relationship between soil pH and base
saturation.

H,PO?%~ is the primary anion adsorbed, although
in severely acid soils SO}~ adsorption represents a
major source of plant available S.

Base Saturation

Base saturation (BS) represents the percentage of CEC
occupied by bases (Ca**, Mg®>", K", and Na™*). The
%BS increases with increasing soil pH (Figure 5). The
availability of Ca**, Mg®", and K" increases with
increasing %BS. For example, an 80% BS soil
provides cations to plants more easily than 40% BS
soil. At pH 5.5 most soils have 45-55% BS, whereas
at pH 7 BS is >90%.

Buffer Capacity

Plant nutrient availability depends on nutrient con-
centration in solution and on the buffer capacity
(BC). For example, as roots absorb K", K on the
CEC is desorbed to resupply solution K*. With P,
adsorbed HzPOAZf will desorb, while P minerals
may also dissolve to resupply solution H,PO?™. The
ratio of adsorbed nutrient quantity (Q) to solution
nutrient intensity (I) describes soil BC:

AQ

In Figure 6, BC,,;i o >BC . Thus, increasing
adsorbed nutrients increases solution concentration
in soil B much more than soil A. As plant uptake
decreases nutrients in solution (AI), soil A more read-
ily buffers solution concentration than soil B. Since
BCsoit A >BCsoii B, soil A likely contains greater clay
and/or OM, resulting in greater CEC. In low BC soils
where exchangeable K™ might be too low to provide
sufficient plant-available K, K must be added to in-
crease exchangeable K to prevent K deficiency. Thus,
BC strongly influences nutrient availability.

Soil Organic Matter

Soil OM represents organic materials in various stages
of decay. The most important fraction to soil fertility
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is humus that is relatively resistant to microbial
degradation, but is essential for maintaining optimum
soil physical conditions important for plant growth
(Figure 7). Fresh crop residues undergo rapid micro-
bial decomposition. The heterotrophic biomass rep-
resents soil microorganisms and fauna responsible
for mineralization and immobilization processes

Soil A
o
=
E
7]
par |
=
B
£ Soil B
Q
[ —
< AQ
AL = Al

»

Solution (intensity), /

Figure 6 The relationship of adsorbed and solution nutrients
as influenced by soil type. As nutrient concentration in solution
(Al) decreases, soil A more readily buffers the solution concen-
tration than soil B. Since BCq,; o > BCqo B, S0il A likely contains
greater clay and/or OM content, resulting in greater CEC.

Plant & animal
residues

« Decomposable organic

~ residues

¢ Heterotrophic
biomass

Microbial products

Nutrients

Biologically
resistant organics

et ——————

Soil humus

Figure 7 General degradation process of crop residue or other
organic material added to soil.

that influence availability of N, P, S, and other nutri-
ents. Residue decomposition and humus formation
processes depend on climate, soil type, and soil and
crop management practices. Soil OM can have sub-
stantial effects on soil processes and properties that
influence nutrient availability (Table 3). For example,
increasing soil OM increases soil aggregation and
decreases bulk density, which improves water infil-
tration, air exchange, root proliferation, and crop
productivity. Soil OM levels depend on soil and crop
management. If management is changed, a new OM
level is attained that may be lower or higher than
the previous level. Management systems should be
adopted that sustain or increase soil OM and prod-
uctivity. Proper nutrient management will produce
high yields, which will increase the quantity of resi-
dues and soil OM.

Soil Acidity and Alkalinity

Acid soils usually occur in regions where annual pre-
cipitation >600-800 mm. Optimum soil pH varies
between 4.5 and 7.5 depending on the crop. Neutral-
izing soil acidity by liming to >pH 5.6 will reduce
exchangeable A" to <10% of the CEC and will
usually prevent Al toxicity. Decreasing soil pH under
cropping systems is attributed to: (1) use of acid-
forming fertilizers and manures; (2) crop removal
and/or leaching of cations that decreases %BS; and
(3) decomposition of organic residues. Soil acidifica-
tion is enhanced with increasing rainfall since rain has
a pH of 5.7 or less, depending on pollutants such as
S0O,, NO,, and others. Soil pH can strongly influence
nutrient availability depending on the specific nutrient
and the magnitude of the pH change. These influences
will be discussed below under each specific nutrient.
Calcareous soils contain solid CaCOs, exhibit soil
pH >7.2, and occur in regions of <500 mm annual
precipitation. Increasing rainfall increases depth to
CaCOj3 where no CaCOj exists in the rooting zone
at >800-1000 mm annual rainfall. If CaCOj exists,
all of it must be dissolved or neutralized before soil pH
could decrease. In most situations, reducing soil
pH by neutralizing CaCOj3 is not practical. High soil

Table 3 Soil organic matter (OM) influences on soil properties and processes

Property Remarks

Effect on soil

Soil color

H,O-holding capacity
Soil aggregation
Chelation

lon exchange/buffering
Mineralization

Water solubility
Organic complexation

Increasing OM darkens color

Forms complexes with cations
OM exhibits both CEC and AEC

OM adsorbs ~20 times weight in H,O
Binds clay particles into aggregates

OM degradation releases nutrients
OM is relatively insoluble in H,O
OM complexes organic compounds

Darker color causes soils to warm up faster
Enhances plant-available water

Aggregation enhances permeability to H,O/air
Enhances micronutrient availability

Higher buffer capacity increases nutrient supply
Important nutrient source

OM does not extensively leach

Influences degradation/persistence of pesticides
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Table 4 Classification of saline, sodic, and saline/sodic soils

Classification Conductivity (mmhoscm™) Soil pH Exchangeable sodium percentage Soil physical condition
Saline >4.0 <8.5 <15 Normal

Sodic <4.0 >8.5 >15 Poor

Saline/sodic >4.0 <8.5 >15 Normal

pH caused by the presence of CaCO;3 can reduce
availability of P and several micronutrients.

Saline and sodic soils are characterized by their
electrical conductivity (EC,.), soil pH, and exchange-
able Na% (Table 4). When exchangeable Na > 15%,
soil aggregates disperse, reducing permeability to
water. In saline soils soluble salt concentration inter-
feres with plant growth, although salt tolerance varies
with plant species. In sodic soils, excess Na disperses
clays and can create nutritional disorders. Saline-
sodic soils exhibit both high salt and Na content.

Specific Nutrients

Nitrogen

Most soils do not supply sufficient N to optimize prod-
uctivity of nonlegume crops. Thus, supplemental
N must be provided. Understanding N cycling is neces-
sary to optimize crop yield and minimize the environ-
mental impact of N inputs. Most soil N originated from
atmospheric N,; however, plants cannot directly me-
tabolize N, into protein. Atmospheric N, is trans-
formed to plant-available N by: (1) symbiotic
microorganisms associated with legume roots; (2) non-
symbiotic soil microorganisms on the soil surface;
(3) inorganic N in rainfall caused by lightning; and
(4) manufacture of N fertilizers (from N»).

Rainfall contains NH;, NO3, NO3, and organic
N. Atmospheric electrical discharges and industrial
waste gases annually account for 1-50kgNha~'.
Symbiotic bacteria (rhizobia) specific to each host
species convert N, to NHj in legume root nodules.
N fixation by legumes ranges from 10 to 200 kg ha™"
year ', depending on the legume, and many soil,
crop, and environmental factors. Low soil pH reduces
rhizobia function through AI’" toxicity and/or low
Ca”" supply. High soil N availability also reduces N,
fixation. Management practices that reduce legume
yield will reduce N, fixation. For example, enhanced
water, nutrient, weed, insect, and diseases stress will
reduce N, fixation. Poor harvest management of
forage legumes that include excessive harvest fre-
quency and premature or delayed harvest will reduce
legume stand and N, fixation. Some nonsymbiotic
bacteria and blue-green algae also fix small amounts
of N, (1-5kgNha 'year™!) but contribute little

Table 5 Typical C:N ratios for selected of plant residues, soil
microbes, and soil OM

Organic substances C:N ratio
Soil microorganisms 8:1

Soil organic matter 10:1
Sweet clover (young) 12:1
Barnyard manure (rotted) 20:1
Clover residues 23:1
Green rye 36:1
Corn/sorghum stover 60:1
Small grain straw 80:1
Oak 200:1
Pine 286:1
Spruce, fir >1000:1

to N availability. Industrial N fixation is the major
N source. The Haber-Bosch reaction converts N,
and H, to NHj3 gas used directly (anhydrous NH;
fertilizer) or manufactured into fertilizer N products.

N mineralization/immobilization Soil comprises
about 5% inorganic N and 95% inorganic N. Am-
monium (NHj ), nitrate (NOJ ), and to a minor extent
nitrite (NO;) are in soil solution and absorbed
by plants. Plant-available NH; and NOj depend
on N applied as fertilizers or waste materials, and
N mineralized from soil OM. Mineralization is a
two-step process (aminization and ammonification)
that converts organic N to NH;. N mineralization
increases with soil OM content, temperature, mois-
ture, and O,. During the growing season 1-4% or-
ganic N is mineralized. N immobilization is the
microbial conversion of NH; and NOJ, to organic
N. As soil microorganisms decompose plant resi-
dues, N immobilization can substantially lower
NH; and NOjJ, resulting in potential crop N defi-
ciency. N input rates are established to satisfy
N demand by the crop and soil microbes.

Relative N mineralization or immobilization
depends on the plant residue C:N ratio. Soil microbes
have a low (8:1) C:N ratio relative to plant residues
(Table 5). Mineralization occurs with plant resi-
dues <20:1 C:N because residue N is sufficient to
meet the microbial demand during decomposition.
Immobilization occurs with plant residues >30:1
C:N. For ratios between 20 and 30, no net N release
or immobilization occurs. Residue N content also
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indicates potential N immobilization/mineralization.
With >2% N content, mineralization usually oc-
curs. The residue decomposition rate depends on the
quantity of residue added, soil inorganic N content,
temperature, moisture, and residue characteristics
(particle size and lignin/waxes content). Uncultivated
soils have a relatively constant amount of plant residue
returned to the soil and usually low N mineralization.
When tilled, N mineralization increases, reducing soil
OM content and ultimately N availability. Any change
in OM content dramatically reduces the quantity of
N mineralized and thus soil N availability to crops.

Nitrification The NH; produced from mineraliza-
tion or other N inputs is converted to NOj3 through
a two-step nitrification reaction: NH} — NO; —
NOj3. The NO3 produced is mobile and subject to
potential leaching losses. Knowledge of the factors
affecting nitrification and careful management of
N inputs can reduce N leaching losses. Generally the
environmental conditions that favor plant growth are
optimum for nitrification (Table 6).

NH; fixation Vermiculite and mica clay minerals
can fix NHJ in interlayer spaces. Some fixed NH;
can be replaced with Ca and Mg. The availability of
fixed NHj ranges from negligible to relatively high.
NH; fixation is important in certain soils, fixing
nearly 30% of applied N.

Denitrification Under low O, conditions, anaerobic
organisms obtain O, by converting NO; and NOj to
N,, N,O, NO, and NO, gases. Denitrifying organ-
isms also exist in well-oxygenated soils mostly near

roots (rhizosphere C source) and in anaerobic micro-
sites or soil aggregates where O, diffusion is reduced.
Denitrification is enhanced by plants because of
readily available C in root exudates and sloughed-
off root tissues. Denitrification potential is high in
most soils; however, the quantity of gaseous N loss
varies due to fluctuations in environmental condi-
tions (H,O content, temperature, etc.) and other
factors (Table 6). Denitrification occurs primarily
during periods of high precipitation (heavy rains,
irrigation, snow melt), and continuously as small
losses from anaerobic microsites in soil aggregates.
Under denitrifying conditions, NO; can accumulate,
which is toxic to plants. High rates of band-applied
N fertilizers elevate NH; levels and pH, enhancing
NO; accumulation. Denitrification is a useful reme-
diation tool for reducing excessive NOj in soil
water. The use of riparian buffers to reduce NOJ in
groundwater is well established.

Volatilization Compared with NH; volatilization
associated with urea or NHj fertilizers, NH; loss
from N mineralized from OM is small. Volatilization
of NH3 depends on high NH} in soil solution and
high soil pH given by NH; — NH3 + H". The quan-
tity of NHj3 loss depends on the interaction of many
soil, environmental, and N fertilizer factors, but is
highest in coarse-textured, calcareous soils, and with
surface crop residues (Table 6).

Phosphorus

Availability of P depends on solution P concentration
and the ability of soil P fractions to resupply or buffer
solution P. As solution P decreases with plant uptake,

Table 6 Factors affecting nitrification, denitrification, and volatilization of soil N

Factor Comment

Nitrification

Supply of NH; Conditions favoring NH; production (mineralization) increase nitrification

Soil pH Wide pH range, optimum pH is 8.5. Nitrifying bacteria need adequate Ca and P

Soil aeration

Soil moisture

Soil temperature
Denitrification

Decomposable organic matter
Soil moisture

Nitrifying bacteria require O,; good soil structure is essential to gas exchange/aeration
Nitrification is highest at field capacity soil water content
Optimum temperature 25-35°C. To minimize N leaching losses, soil temperature <10°C to fall apply N

Fresh crop residues (C source) stimulate microbial growth and respiration
High H,0 content impedes O, diffusion, increasing anaerobic microbe activity

Soil pH Denitrifying bacteria prefer pH > 5.0. N gas released is also influenced by pH
Soil temperature Denitrification increases rapidly from 2 to 25°C, decreasing above 60°C

NO; supply Increasing NOj increases denitrification potential

Volatilization

Soil pH NH; loss increases with increasing pH

Buffer capacity
N placement
Soil temperature
Soil moisture
Crop residue

High BC decreases NH; loss by increased adsorption and pH buffering
Volatilization losses are greater with broadcast versus banded N fertilizers
Volatilization increases with increasing temperature up to about 45°C
Maximum NH; loss occurs at field capacity and during slow drying conditions
Residues increase NH; through wet, humid conditions at soil surface
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P minerals dissolve, P adsorbed on clay mineral sur-
faces desorb, and organic P mineralizes to resupply
solution P. Maintaining adequate plant-available
P in solution (intensity) depends on P desorption
and dissolution reactions (quantity) that resupply so-
lution P taken up by plants (Figure 6). The larger
the BC, the greater the ability to buffer solution P.
Plants absorb H,PO, and HPO3 ™. Average solution
P concentration is 0.05 ppm and varies widely among
soils. Solution P required by plants varies from 0.003
to 0.3 ppm that is replenished nearly 100 times during
the growing season. Rapid replenishment of solution
P is essential near actively absorbing roots.

Organic P About 50% of total soil P is organic and
occurs primarily as inositol phosphates, phospho-
lipids, and nucleic acids. P mineralization represents
microbial degradation of organic P in plant/animal
residues and soil OM to release H,PO, /HPO? .
P mineralization increases with increasing OM. The
C/P ratio or P content of decomposing residues regu-
lates whether P mineralization or immobilization
occurs (Table 7). P and N mineralization/immobiliza-
tion processes are similar. Inorganic mineralized P
can be removed from solution through adsorption to
mineral surfaces and precipitation as Al-, Fe-, or Ca-P
minerals. The quantity of P mineralized varies widely
but contributes about 3-10kgha™' in temperate
region soils.

Inorganic P Inorganic P in solution can be:
(1) absorbed by plants; (2) immobilized by microor-
ganisms; (3) adsorbed to mineral surfaces; and/or
(4) precipitated as secondary P compounds. Adsorpt-
ion and precipitation reactions are referred to as P fix-
ation and are a continuous sequence of precipitation

Table 7 Influence of residue C:P on P mineralization and/or
immobilization

C:P ratio %P in residue Mineralization/immobilization

<200 >0.3 Net mineralization of organic P
200-300 0.2-0.3 No gain or loss of inorganic P
>300 <0.2 Net immobilization of inorganic P

Table 8 Factors affecting P fixation in soils

and adsorption. In acid soils, inorganic P precipitates
as Fe-P or Al-P minerals and/or is adsorbed to Fe/Al
oxide surfaces. In neutral or high-pH soils, Ca-P min-
erals precipitate and/or P is adsorbed to clay and
CaCOs;. Adsorption dominates under low solution P,
while precipitation occurs when solution P levels
exceed a mineral’s solubility product (Ksp). Ultim-
ately, solution P concentration is controlled by the
solubility of inorganic P minerals. For example, de-
creasing solution H,PO, by plant uptake causes
variscite (AIPO4 -2H,0) to dissolve and resupply
solution P according to:

AIPO, - 2H,0 + H,0 « H,PO; + H' + Al(OH),

Many factors affect P fixation in soils that ultimately
influence P availability to plants (Table 8). P fixation
is strongly influenced by soil pH, where P availability
is maximum near pH 6.5. At low pH values, fixation
occurs largely through adsorption to Fe/Al oxides
and precipitation as AIPO4 and FePO4. As pH
increases, Fe and Al concentration decreases, redu-
cing P adsorption/precipitation. At pH >7.0, Ca-P
minerals precipitate and P is adsorbed to CaCOs3,
causing solution P to decrease. Thus, minimum
P adsorption occurs at pH 6.0-6.5.

In soils with high P fixation capacity (high clay con-
tent or BC), solution P will decrease quickly after
P fertilization. With low P fixation capacity solution
P can be elevated for several months or years depending
on P rate and application method. With high P fix-
ation, fertilizer P should be applied in smaller, more
frequent applications. When fertilizer P is broadcast-
applied, P is in contact with more soil, increasing
P fixation, compared to band-applied P. Band place-
ment decreases contact between soil and fertilizer,
reducing P fixation and increasing plant-available P.

Potassium

Soil K content ranges between 0.5 and 2.5% and is
substantially greater than that absorbed by plants.
Depending on the soil, <10% soil K is plant-available.
Exchangeable and solution K provides plant-available
K during the season and nonexchangeable K resupplies
solution and exchangeable K. Nonexchangeable

Factor Comment

Soil minerals

Fe/Al oxides can adsorb large amounts of solution P. P adsorption is greater with 1:1 clays than 2:1 clays.

P adsorption increases with increasing clay content

Soil texture

Soil pH

Soil organic matter
Soil temperature

Increasing clay content increases P adsorption

P adsorption to Fe/Al oxides decreases with increasing pH
Organic matter can ‘coat’ minerals, reducing P adsorption
P adsorption increases with increasing temperature
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K release is slow and essentially unavailable to crops
during a season. Unlike N, P, and other nutrients,
K availability is not influenced by soil OM.

Solution K averages about 5 ppm and is in equilib-
rium with exchangeable K. Equilibrium between so-
lution and exchangeable K is represented by the Q/I
ratio described for P. Q/I is directly proportional
to CEC and measures relative ability to resupply
solution K*. High O/I represents a high K buffer.
Adding fertilizer K will increase Q/I and K availabil-
ity. Low O/I represents low CEC, sandy soils exhibit-
ing low K buffer. The ability of soil to buffer solution
K* as plants remove solution K is partially con-
trolled by the release rate of interlayer K. About
90% total soil K is nonexchangeable or mineral K.
Nonexchangeable K resupplies exchangeable and so-
lution K™ as they are reduced during plant uptake.
The K release rate is controlled through weathering
of K minerals (micas> feldspars). Low solution
K encourages interlayer K release. Mica and vermicu-
lite minerals can ‘fix’ K, which represents solution K*
entering the interlayer region. NHJ ions can also be
fixed. Fixation of K™ and NHj occurs more in clay

Table 9 Factors affecting K availability to crops

soils. Fixation of K reduces solution K, but can be
released again to available K. Many factors influence
K availability (Table 9).

Sulfur

Like N, sulfur (S) occurs in organic (>90%) and
inorganic (SO37) forms. Although large temporal
variation occurs, solution S ranges from 1 to 20 ppm
SO, where sandy soils often contain <4 ppm. Near
industrial areas, solution SO3~ can be increased
through deposition caused by SO, pollution. Like
NOj, SO3™ can be leached, especially in sandy soils
with a high quantity of percolating water. Adsorbed
SO~ can contribute to plant-available S in acid soils
with relatively high AEC and/or Al/Fe oxide content.
Many soil factors affect SOif adsorption (Table 10).
The amount and type of clay and soil pH have the
greatest influence on the quantity of SO~ adsorbed.
The availability of S depends mostly on mineralization
of organic S to SO~. S mineralization ranges from
5 to 15kg SO4-Sha ~'year !. Immobilization con-
verts SO3 ™ to organic S. Factors that affect microbial
activity influence S mineralization/immobilization

Factor Comment

Clay minerals

Increasing 2:1 clay content increases K availability

CEC Increasing CEC increases K availability
Exchangeable K Increasing exchangeable K increases K availability
K fixation

Soil moisture
Soil temperature
Soil pH

K for uptake sites, reducing K uptake

Soils with greater K fixation potential require greater K inputs to increase K availability

Increasing solution K or H,O content increases K diffusion and availability

Increasing soil temperature increases K availability (> diffusion and K release rate)

At low pH K uptake can be reduced by Al toxicity. Under higher pH, > exchangeable Ca/Mg competes with

CEC, cation exchange capacity.

Table 10 Factors affecting SO3~ adsorption and S mineralization/immobilization in soils

Factor Comment

Adsorption

Clay content

Hydrous oxides

Soil depth

Soil pH

S02~ concentration

Other anions

Soil OM

Mineralization and
immobilization

S content of OM

Adsorption increases with clay content. SOi’ adsorption follows kaolinite > illite > montmorillonite
Fe/Al oxides contribute most of the SOi’ adsorption in severely acid soils

SO%’ adsorption is greater in subsoils due to greater clay and Fe/Al oxides

AEC increases with decreasing pH. Little 8042( adsorption at pH >6.5

Adsorbed SO2™ increases with solution SO~

Adsorption strength decreases according to OH™ > HoPO, > SO3™ > NO; > CI-

AEC site on OM can contribute to SO3~ adsorption.

S mineralized increases with increasing S contentin residue. C/S ratio <200 S mineralization occurs;

C/S = 200-400 no net mineralization occurs; C/S > 400 S immobilization occurs

Soil temperature
Soil moisture

S mineralization is optimum between 20 and 40°C
S mineralization is optimum at 60% of field capacity

OM, organic matter; AEC, anion exchange capacity.
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(Table 10). Soils with low OM (<1.2-1.5%) and/or
course texture are often S-deficient.

Calcium and Magnesium

In acid and neutral pH soils, Ca and Mg occur
on exchange sites and in minerals. In calcareous
soils Ca/Mg also exist as CaCO3;, MgCOs3, and/or
CaMg(CO3),. As exchangeable cations, they behave
similarly to K. As Ca/Mg in solution decreases with
plant uptake or leaching, Ca/Mg desorbs from CEC
to resupply the solution (Figure 2). Plant uptake of
Ca/Mg depends mostly on the amount of solution Ca/
Mg, soil pH, and % Ca/Mg on CEC. Solution Ca/Mg
decreases by: (1) plant uptake; (2) leaching; (3)

Table 11 Factors affecting micronutrient availability to crops

adsorbed on CEC; and/or (4) precipitated as minerals
(in arid climates).

Solution Ca and Mg ranges between 5 and 300 ppm
Caand 5 and 50 ppm Mg (15 ppm Ca and 10 ppm Mg
is adequate for most crops), with the higher levels in
arid regions. Sandy, humid-region soils are generally
low in Ca and/or Mg, whereas clay soils are usually
higher in exchangeable Ca/Mg. Low-Ca soils require
supplemental Ca, usually through liming (CaCO3), to
increase pH. Many crops respond to Ca and Mg when
Ca <25% and Mg <10% of CEC. High exchangeable
K can interfere with Mg uptake. High NH] levels
from fertilization can induce Mg deficiency in
low-Mg soils.

Factor Comment

Iron

Soil pH Deficiencies most often observed on high-pH (>7.2), calcareous, arid-region soils
Poor aeration Increase in CO, in wet, poorly drained soils increases HCOj, enhancing Fe stress
Soil OM Low soil OM can enhance Fe stress due to low chelation, especially on high-pH soils

Nutrient interactions
Plant species

Zinc

Soil pH

Soil OM

Nutrient interactions
Climate

Plant species
Copper

Soil texture

Soil pH

Soil OM

Nutrient interactions
Climate

Plant species
Manganese

Soil pH

Poor aeration

Soil OM

Nutrient interactions
Climate

Plant species

Boron

Soil pH

Soil moisture

Soil OM

Soil texture

Nutrient interactions
Plant species
Molybdenum

Soil pH

Fe/Al oxides
Nutrient interactions
Climate

Plant species

High Cu, Mn, Zn, Mo, and P can reduce Fe uptake
Plant species and varieties vary in susceptibility to Fe stress

Deficiencies most often observed on high-pH soils

Low soil OM can enhance Zn stress due to low chelation, especially on high-pH soils
High Fe, Cu, Mn, and P can reduce Zn uptake

Zn deficiencies are more pronounced during cool, wet seasons

Plant species and varieties vary in susceptibility to Zn stress

Solution Cu is lower in leached and calcareous sands

Deficiencies most often observed on high-pH soils

Cu strongly complexes with OM. High OM can reduce Cu availability
High Fe, Zn, and P can reduce Cu uptake

Cu deficiencies are more pronounced during cool, wet seasons
Plant species and varieties vary in susceptibility to Cu stress

Deficiencies most often observed on high-pH, calcareous, coarse-textured soils
Mn availability can be increased by wet, poorly aerated soil

Mn availability increases with OM. Very high OM can reduce Mn availability
High Cu, Fe, or Zn can reduce Cu uptake

Mn deficiencies are more pronounced during cool, wet seasons

Plant species and varieties vary in susceptibility to Mn stress

B availability decreases with increasing pH, especially at pH >6.5

B deficiency is enhanced with low soil moisture conditions

Increasing OM increases B availability

Coarse-textured, well-drained, sandy soils are often low in B

Low Ca increases B uptake and potential toxicity

Plant species and varieties vary in susceptibility to B deficiency and toxicity

Mo availability increases with increasing pH

High Fe/Al oxides increase Mo adsorption (decrease available Mo)

P enhances Mo absorption by plants. S, Cu, Mn can decrease Mo uptake
Mo deficiency is more severe under dry soil conditions

Plant species and varieties vary in susceptibility to Mo deficiency

OM, organic matter.



FERTILITY 19

Figure 8 Cycling of chelate-bound micronutrients in soil solu-
tion to provide plant-available micronutrients. Chelates in solu-
tion bind micronutrients to metal cations and transport them to
the root surface where micronutrient is released to plant uptake.

Micronutrients

Micronutrients occur in soil as: (1) primary and sec-
ondary minerals; (2) adsorbed to mineral and OM
surfaces; (3) constituents of OM; and (4) solution
(Figure 2). The proportion of each depends on the
micronutrient, but all impact plant availability.

Iron, zinc, manganese, copper Plant-available Fe,
Zn, Mn, and Cu are controlled by mineral solubility
and soil OM. The solubility of Fe, Zn, Mn, and Cu
minerals is generally very low and decreases with
increasing pH. In most soils, solution Fe is not suffi-
cient to meet plant need, thus another process in-
creases Fe availability since most soils (except high-
pH, calcareous soils) provide adequate Fe for plant
growth. Soluble organic compounds (chelates) in soil
solution complex micronutrients and increase solu-
tion Fe, Zn, Mn, and Cu concentration and diffu-
sion to plant roots (Figure 8). Increasing soil OM
can improve micronutrient availability. Factors influ-
encing micronutrient availability are illustrated in
Table 11.

Boron, chloride, molybdenum, nickel Boron (B)
occurs in solution (H3BOY), minerals, adsorbed on
clays and Fe/Al oxides, and in OM. Adsorbed and
mineral B buffer solution B. Increasing pH, clay con-
tent, and OM favor B adsorption. Soil OM complexes

with B and increases B availability. Most of
the chloride (Cl7) exists in soil solution, with very
little occurring in mineral, organic, or adsorbed
forms. In arid-region soils, Cl salts can precipitate
and accumulate in surface soil, causing potential
salinity and sodicity problems. Low-Cl soils can
enhance disease incidence on some crops. Excess Cl
in irrigation water can reduce yield of salt-sensitive
crops. Molybdenum (Mo) occurs in minerals,
adsorbed on Fe/Al oxides, complexed in OM, and in
soil solution (MoOzzf). Solution Mo increases with
increasing soil pH. Plant-available Ni is provided by
adsorbed and mineral dissolution. Factors affecting
B, Cl, Mo, Ni availability are shown in Table 11.

See also: Fertilizers and Fertilization; Nutrient Avail-
ability; Nutrient Management; Quality of Soil
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Introduction

The main nutrient supplies for plants are released
from soil reserves, decomposing biological residues
(leaves, roots, etc.), aerial deposition, biological
nitrogen fixation and, in the case of crop plants,
fertilizers. When considering the availability of
elements for plants, soil factors such as cation ex-
change capacity, acidity, redox potential, tempera-
ture, synergistic and antagonistic effects of other
elements must be taken into account. The most
important sources of elements in soils are the parent
materials from which they are derived and soil pro-
vides the principal natural source of nutrients, while
fertilizers provide the additional input to increase
crop yields.

Total world consumption of fertilizer nitrogen (N),
phosphorus (P), and potassium (K), in 1999/2000
was 85, 15, and 19 million tyear™, respectively. In
the future the demand for fertilizers is expected
to increase with world population growth and the
need for food. The projected increase in fertilizer
consumption will mainly occur in developing coun-
tries, where food production urgently needs to be
increased.

Nitrogen

Soil Nitrogen

N is the mineral nutrient most in demand by plants.
Inorganic soil N mainly occurs as ammonium (NHJ)
and nitrate (NO3). In the surface layer of most soils
the share of inorganic N of total soil N is usually less
than 5%, while over 90% of N is organically bound.
Most of the N in soil organic matter is in the form of
stable humic compounds, while a minor part, mainly
amino acids and amino sugars, is labile with a rapid
turnover. Such compounds represent prime organic
substrates in deamination reactions, where the re-
moval of NHj is mostly carried out by enzymes.
Once NHj is formed by mineralization it can be
taken up by plants. However, mineralization depends
on different factors that cannot be controlled and the
release of NH; from organic N compounds is not
necessarily timed to fit the plant’s need. In most soils
NH; may be fixed by clay minerals or can be held
on negatively charged soil complexes or humic

compounds. This reduces its mobility and therefore
the availability for plants as compared to the more
mobile NOj3 ion, which is formed by nitrification of
NH; . Nitrification is important from the standpoint
of soil fertility.

N Uptake of Plants

Plants take up N as NOj3, which is the most abundant
form of inorganic N in the soil solution, and as NHj .
The uptake of both N forms depends mainly on their
availability. In many crops the combination of NO3
and NHj results in better growth than when either
form is applied alone: optimal proportions depend
strongly on the total concentrations supplied. Whether
NOj3 or NHj as sole nitrogen source is better for plant
growth depends on different factors. One important
factor is the plant species. Plants that are adapted
to acid soils or to low soil redox potential have a
preference for NH;, while plants with a preference
for high-pH soils prefer NOj.

Soil Test

In intensive agriculture deciding the optimal N
fertilizer rate is a major challenge from an economic
as well as ecological point of view. The optimal N
fertilizer rate is the difference between the N demand
of the crop and the N supply from different sources.
Therefore, in predicting N fertilizer needs, in addition
to the N demand of the crop, both the residual
mineral N as well as the mineralizable N must be
taken into consideration. The importance of deter-
mining residual mineral N as a basis for N fertilizer
recommendation is already well established. Espe-
cially in the deeper soils of cooler, drier climates
the amount of mineral N must be taken into
account. Renewed interest in developing improved
methods, taking the N mineralization capacity into
account, has mainly been stimulated by concern over
the environmental consequences of applying more
fertilizer N than is demanded by the crop. However,
the real crop need for N is not known before harvest.
Therefore, yield is forecast using recent average
yield data from the local area. Because an exact
yield estimate is not possible, the crop has to be
observed during the growing period and the N fertil-
izer plan adjusted. Depending on the N fertilizer form
applied, N is more or less rapidly available to plants.
However, calculating the optimum N application
rate, it must be considered that even under optimal
conditions N fertilizers are never fully utilized by
the crop.
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Time of N Fertilizer Application

Depending on soil and especially on climatic condi-
tions, splitting the total N application rate into two or
even more increments is recommended for maximum
N fertilizer efficiency, whereby the first N fertilizer
application is recommended shortly before the period
of highest demand and of most rapid plant growth.
The time of sidedressing depends on the crop. For
cereals, maximum N fertilizer efficiency is reached
by the latest possible application which is compatible
with the development stage that permits ready
uptake. However, for crops like sugar beet with a
high N demand at the early growing stage for deve-
loping an extensive leaf surface, a late N fertilizer
application is not desirable. To assure high sugar con-
centrations in the roots, sugar beets should be under
conditions of mild N deficiency in the end of the
growing period.

N Fertilizers

Most N fertilizers contain NOJ and NHj as the
N carrier (Table 1). Caused by the sorption of NH;
on soil colloids, the uptake rate of NOJ is normally
higher under field conditions and therefore plants
respond faster to NO3 application. However, N losses
by leaching or denitrification may be higher with

Table 1 Nitrogen (N) fertilizers

Chemical N concentration
Fertilizer composition (%)
Ammonium nitrate NH4NO3 35
Nitrochalk NH4NO;3; + CaCOs 27
Ammonium nitrate (NH4)2SOy - 26
sulfate NH4NO3
Ammonium sulfate (NH4)2S04 21
Aqueous ammonia NH3, NH,OH >10
Anhydrous ammonia NH3 82
Urea CO(NHy), 46
Calcium cyanamide CaCN, 22

Adapted from Mengel K and Kirkby EA (2001) Principles of Plant Nutrition.
Dordrecht: Kluwer Academic, with permission.
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Figure 1 Turnover of nitrogen fertilizers in the soil.

NOj application compared with NH; application.
Especially on paddy soils, denitrification losses may
be high. For this reason fertilizers containing NH;
or urea are used on these soils. On the other hand,
NH; losses may occur in alkaline soils, when NHj -
containing fertilizers are applied, caused by the
conversion of NH; to NH3.

Ammonium nitrate, which is an explosive salt, is
prohibited in some countries for direct use as an
N fertilizer, but is often used to prepare liquid fertil-
izers. To reduce the danger of fire, limestone is added
to ammonium nitrate, resulting in so-called nitro-
chalk. Neutralization of nitric and sulfuric acid with
NHj; results in the formation of the double salt of
ammonium sulfate and ammonium nitrate (Figure 1).

Ammonium nitrate sulfate, a double salt of
NH4NO;3 and (NH,4),SO4 in equal proportions, is
formerly known as leunasalpeter. It is widely used
on forage and grass seed crops and on autumn-seeded
small grains. (Potassium nitrate is often used for
foliar application.) Some years ago ammonium sul-
fate, which results in acidification of the soil, was an
important fertilizer, but its consumption has declined
in recent years and it was substituted by urea, which
has a higher N content. Urea is a major N fertilizer. It
is converted to NHj by urease in the soil. This rapid
hydroloysis may result in significant N losses through
NH; volatilization. Volatile losses of NHj3 originat-
ing from urea may be reduced by applying urease
inhibitors that delay the formation of NHj .

Calcium cyanamide is a slow-reacting N fertilizer,
which contains N in the amide and cyanide form.
This N fertilizer must be converted to urea, which is
split into NH3 and CO, before plant uptake. During
conversion in the soil intermediate toxic products
are formed, which are nitrification inhibitors as well
as herbicides. For this reason the application of cal-
cium cyanamide is recommended before sowing or
transplanting.

Anhydrous ammonia is a liquid N fertilizer, which
contains NHj in a liquid under pressure. It is a high-
grade N fertilizer and therefore of considerable

Nitrate
fertilizer

—————————————————————————————————— Soil surface

- Nitrification - Denitrification
Nifcation,

A
Leaching
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advantage in terms of transport costs. However, its
use is often restricted, because the liquid is under
pressure, and therefore it needs special safety precau-
tions and equipment for transportation and appli-
cation. To minimize NHj losses by volatilization an
injection assembly is used to apply it to the soil.

Aqueous ammonia contains about 25% NHj3 and
the solution is only under low pressure. Therefore
the handling of this solution is less complicated
compared with anhydrous ammonia. NHj; losses
can usually be avoided by applying it at sufficient
depth and under appropriate soil physical and mois-
ture conditions.

Slow-Release and Bioinhibitor-Amended
Nitrogen Fertilizers

Only 50-60% of fertilizer N added to the soil is usually
taken up by the crop during the season of application.
An approach to increase the efficiency of N fertilizers is
to control the rate of N fertilizer dissolution. Con-
trolled-release fertilizers, which are expensive to pro-
duce and therefore mainly used in the production of
high-value crops, can be divided into two groups:
coated fertilizers and uncoated fertilizers with a low
solubility. The aim of using controlled-release fertilizers
is to provide nutrients according to crop demand.

Coated fertilizers Different types of coating are
used: impermeable coatings with tiny holes through
which solubilized materials diffuse, and semiperme-
able coatings through which water diffuses until
the internal osmotic pressure ruptures the coating
or impermeable coatings that must be broken, for
example, by biological actions. Further coatings
may function only as physical barriers or be a source
of plant nutrient. The most important coating mate-
rials, which are usually applied in intimate contact
with the surface of the fertilizer particle are waxes,
polymers, and sulfur.

Osmocotes are surrounded by a plastic shell, which
allows water to diffuse into the shell, which tears as a
result of the uptake of water and the nutrients diffuse
into the soil. With sulfur-coated urea (SCU), water
vapor transfers through the sulfur coating, solubilizes
the urea within the shell, builds up sufficient osmotic
pressure to disrupt the coating, and urea solution is
released. The decomposition of the sulfur coat also
depends on the oxidation of the sulfur, which is mainly
brought about by soil microorganisms. Hence the
availability of the sulfur-coated fertilizers depends on
microbial activity.

Because the release of nutrients from the fertilizer
depends on soil water content, and plant growth
depends on soil moisture, nutrient release may also
be adapted to plant growth.

Uncoated fertilizers While urea is readily soluble in
water and quickly decomposed to release NHj, it
forms several chemical reaction products that are use-
ful as slow-release N fertilizers. Urea reacts with sev-
eral aldehydes to form compounds that are sparingly
soluble in water. Commercial products are ureaform
(UF), crotonylidendiurea (CDU), and isobutylide-
nurea (IBDU). After application to the soil, these
fertilizers are prone to hydrolysis and release urea.
The rate of microbiological decomposition is con-
trolled by the property of the aldehyde as well as by
soil temperature.

Nitrification Inhibitors

A controlled supply of N may, presumably, also be
achieved by the use of any ammonium source in com-
bination with a nitrification inhibitor (DCD = dicyan-
diamide; N-serve =nitrapyrin), which blocks the
oxidation of NH; to NO; (Figure 2). The loss of
N by leaching or denitrification is therefore reduced.
The amount of nitrification inhibitor needed to
reduce the rate of nitrification can be reduced when
it is granulated with the ammonium fertilizer.

Methods of N Application

Most the N fertilizer is applied by surface broadcast-
ing, followed by injection of liquids and gases, incor-
poration by attachment to plow, planter, or cultivator,
and distribution in irrigation water.

Especially in orchard or sod conditions where im-
mediate fertilizer incorporation is not possible, surface
broadcasting has some shortcomings. Under dry con-
ditions on soils with a high pH, significant amounts
of N can be lost by NHj3 volatilization when N is
applied as urea or as NHj salts.

The injection of liquids and gases requires careful
adaptation to the conditions of soil water. If the soil is
too wet or too dry, volatilization losses may occur.
Even under optimum soil water conditions injection
must be at sufficient depth.

By application with the irrigation water (ferti-
gation), N is applied during the whole growing
season according to crop needs. A disadvantage
associated with sprinkler irrigation is the chance
of nonuniform N distribution caused by excessive
wind.

Nitrification
inhibitor

}

2NH; +30, ——» 2NO, +2H,0 +4H"
Nitrosomonas

Figure 2 Inhibition of nitrification by a nitrification inhibitor.
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Phosphorus

Soil Phosphorus

P in soils is present in the soil solution (plant-avail-
able), as labile phosphate precipitates and adsorbed
to soil particles, mainly clay minerals (potentially
available to plants), as nonlabile phosphate in the
form of calcium, iron, and aluminum phosphate
(not plant-available), in organic form, including P in
soil organic matter (released after mineralization),
and in living soil biomass (Figure 3). The quantity of
P in soil solution in the upper soil layer is in the range
of 0.3-3kg P ha~' and must be replenished by mobi-
lization of phosphate from the labile pool within a
time span of hours or days. There is a critical limit of
readily soluble soil phosphate below which yields
become severely constrained. For a high production
level as well as for sustainable agriculture the main-
tenance of the readily soluble soil phosphate pool is
a prerequisite.

Soil Test

In order to recommend an appropriate P fertilizer
application, a soil test is indispensable for both soils
with insufficient as well as for those with high
amounts of available P. However, although reliable
soil tests for available phosphate are at our dispo-
sition, regular P soil testing only covers a limited per-
centage of agricultural land. Soil tests avoid wasting
the limited raw-material phosphate and reduce the
risk of P leaching.

Different extraction methods are used as an index
of plant-available P in soils. However, these methods
never measure the quantity of P available to a crop,
but determine more or less a pool of soil P that is
somehow related to that portion of soil P which is
plant-available.

To determine the P concentration of the soil solu-
tion the soil is extracted with water or a diluted salt
solution (i.e., 0.02moll™" CaCl,). The objective of

Water-soluble
P fertilizer

P in soil

solution |« Labile P %" Nonlabile P

Figure 3 Phosphorus (P) dynamics in the soil. (Adapted
from Mengel K and Kirkby EA (2001) Principles of Plant Nutrition.
Dordrecht: Kluwer Academic, with permission.)

this method is to determine the P concentration level
that directly limits plant growth. The most common
methods used worldwide to extract plant-available
P are probably the acid fluoride extract and the alka-
line bicarbonate extract. In Europe an extraction
using lactate is common.

Saving P is also a question of an efficient use of soil
and fertilizer P. Agronomic measures for improving
phosphate efficiency are fertilizing according to the
results of soil tests, providing optimum pH conditions
for phosphate availability, using crop species in the
crop rotation, which are able to mobilize less soluble
soil phosphates, and applying appropriate P fertilizers.

P Application Rates

According to available soil P and crop species,
P application rates generally range from 20 to 80 kg
P ha~'. As compared with slow-growing crops, crops
with a high growth rate, for example corn, alfalfa, or
sugar beet, require higher amounts of available P. On
soils with a high P fixation capacity, up to 200 kg
P ha~! is recommended.

To avoid a decline in soil fertility, phosphate that
has been removed by crops or is lost needs to be re-
plenished by P fertilizer application. Less than 15% of
P fertilizer applied to a soil is normally taken up by
the crop grown immediately after application, while
the rest is converted to soil phosphate and the recovery
becomes less in the following years.

At neutral soil pH, fertilizer phosphate added to
soils will at first be adsorbed or precipitated in more-
soluble calcium phosphate forms. Later the phosphate
of these forms will be shifted to apatite. In more acid
soils rich in sesquioxides, adsorption is the strong-
est phosphate sink. Besides adsorption, phosphate
occlusions occur in soils with a low pH.

P Fertilizers

The raw material for the production of P fertilizers
is rock phosphate (apatite). Depending on their
provenance, rock phosphates differ in fertilizer
value. The solubility of apatites depends on the degree
of isomorphic substitution of PO;~ by CO3™ and is
higher the more phosphate is substituted by carbon-
ate. While hard crystalline apatites are very insoluble
and useless as a P fertilizer, soft rock phosphates
may be used after grinding under acidic soil condi-
tions (pH <35.5), for example in tropical regions,
where soluble P fertilizers are prone to leaching. Fur-
ther, organic farmers, who do not apply chemically
treated rock phosphate, are allowed to use ground
soft rock phosphate. Over the past decade the direct
application of rock phosphate declined and at
present it constitutes 0.8% of total global mineral P
consumption.
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Table 2 Phosphorus (P) fertilizers

Chemical P concentration
Fertilizer composition (%)
Superphosphate Ca(HyPOy), + 8-10
CaSO,
Triple superphosphate Ca(H,POy), 20
Monoammonium NH4H,PO, 21-22
phosphate
Diammonium phosphate  (NH4),H,PO, 24
Basic slag CazP,0g - Cal + 4-10
CaO - SiO,
Sinterphosphate CaNaPQ,-Ca,Si0, 11-13
Partially acidulated rock  Ca(H,POy),, 10
phosphate CaHPO,, apatite
Ground rock phosphate Apatite 13

Adapted from Mengel K and Kirkby EA (2001) Principles of Plant Nutrition.
Dordrecht: Kluwer Academic.

Treating ground rock phosphate with sulfuric acid
results in the formation of superphosphate, a mix-
ture of Ca(H,POy4), and CaSOy, and treating with
phosphoric acid results in the formation of triple
superphosphate (Table 2). Both are water-soluble P
fertilizers and suitable for most soil types. However,
after the application of water-soluble P fertilizers, re-
actions between the phosphate and soil particles
take place which reduce P availability. Under tropical
conditions with a high risk of P leaching, water-
soluble P fertilizers are not recommended. Partially
acidulated P fertilizers are derived from rock phos-
phates which have been treated with amounts of sul-
furic or phosphoric acids: only part of the apatite is
converted to water-soluble phosphate and the rest
remains as apatite. Therefore this P fertilizer contains
only a part of plant-available P.

Mono- and diammonium phosphates are produced
by adding NHj; to phosphoric acid. They are often
used for band application, which increases P effici-
ency, because less P is adsorbed by soil particles and
P uptake is increased by the root attraction by NH;.

Sinterphosphate is produced by disintegration of
rock phosphate with Na,COj and silica at a tempera-
ture of about 1250°C and contains CaNaPQO4 and
CaZSiO4.

Basic slags (Ca3(POy4)-CaO + CaO-SiO,) are a
by-product of the steel industry.

Potassium

Soil Potassium

Potassium is one of the three major crop nutrients. Its
main source for growing plants under natural condi-
tions is the weathering of K'-bearing minerals,
whereby the rate of K* release not only depends on

K" fertilization
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Figure 4 Potassium dynamics in the soil. (Adapted from
Mengel K and Kirkby EA (2001) Principles of Plant Nutrition.
Dordrecht: Kluwer Academic, with permission.)

the K* content of the minerals but also on structural
differences between K'-bearing minerals. The K*
status of soils mainly depends on the parent material
and its degree of weathering. Whether the rate of K*
release is adequate to meet the demand of the crop
depends mainly on the kind of soil and the intensity of
cropping.

Considering the mobility of soil K*, different K*
fractions can be distinguished: K™ present in soil so-
lution, K adsorbed in exchangeable form to soil
colloids, interlayer K* between the tetrahedral layers
of minerals such as micas, and K* as a structural
element of soil minerals. K* in soil solution and
adsorbed K" can be easily adsorbed by plant roots
(Figure 4).

K Fertilizer Recommendation

In agricultural practice it is important to know for a
given location whether K* fertilizer application can
increase crop yield. The main factors which have an
impact on the crop response to K* fertilization are
plant-available soil K™, soil moisture, and the crop
species or even sometimes different cultivars of the
same species. In this respect differences in root me-
tabolism and rooting pattern are of particular inter-
est. Because of the longer root system of monocots
like grass they profit better from soil K* than dicots.

High K™ responses are likely to occur if the top soil
is rather dry during the early growing stage of the
crop. Because it is difficult to provide general K*
fertilizer recommendations that are applicable to dif-
ferent crops, soils, and climates, the basis for recom-
mendations should be made using soil analysis as well
as K™ fertilizer experiments for representative crops
and soils. If the level of plant-available soil K* de-
clines below the optimum, K* fertilizer must be ap-
plied. However, when K" fertilizers are added to
soils, a portion remains in soil solution, while another
portion will be held in exchangeable form and yet
another portion may become unavailable, especially
in soils with a high K* fixation capacity. Under these
conditions K* application rates may be extremely
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Table 3 Potassium (K) fertilizers

Chemical K concentration

Fertilizer composition (%)

Muriate of potash KCI 50, 41, 33
Potassium sulfate K>SO, 43

Potassium nitrate KNO3 37

Sulfate potash magnesia K>S0, - MgSO, 18

Kainite KCl + NaCl + 10

MgSO4

Adapted from Mengel K and Kirkby EA (2001) Principles of Plant Nutrition.
Dordrecht: Kluwer Academic, with permission.

high. If the K* level of the soil is higher than the
optimum, lower K™ fertilizer rates are recommended
or K™ application may even be omitted. In the case of
optimum K™ conditions the amount of K™ applied
should maintain the K™ status. This quantity can be
calculated from the K* removal of the crop.

K Fertilizers

The usual potassium fertilizers are two main types in
which K" is combined with either chloride (muriate
of potash) or sulfate (sulfate of potash) (Table 3).
Potassium chloride (KClI) is available in three different
grades: 50% K, 41% K, and 33% K. The two latter
forms contain substantial amounts of sodium chloride
(NaCl) and are recommended as K fertilizers for
natrophilic crops.

Potassium sulfate (K,SOj,) is usually manufactured
by reacting the chloride with sulfuric acid. Normally
K>SO4 contains 43% K. The fact that the use of
modern highly concentrated fertilizers leads to unbal-
anced plant nutrition suggests that sulfate-based fer-
tilizers, which have up to now only been used for
certain special crops, may have a wider application.

Sulfate potash magnesia (K,SO4- MgSQOy) is essen-
tially a mixture of potassium sulfate and kieserite with
18% Kand 11% Mg. This is a useful fertilizer to apply
to nonchloride crops when there is a need for Mg.

Potassium nitrate (KNOj3) is mainly used in inten-
sive horticulture under glass. Low-analysis chloride-
based fertilizers (kainite) are crude or partly processed
mineral salts. Chemically, they are mixtures of KCl
and NaCl. Some also contain kieserite, which may be
part of the raw material or may have been mixed in.

The needs of the plant, soil conditions, and climatic
factors will determine which form of K™ fertilizer is
best suited to obtain high yields and good quality in
any particular case.

Complex Fertilizers

Complex fertilizers are stable granules with all the
nutrients of the guaranteed formula. They contain

two or three of the main plant nutrients N, P, and
K. Sometimes secondary nutrients (calcium, magne-
sium, and sulfur) as well as micronutrients in soluble
form are incorporated, depending on the respective
formula or special grade.

NPK fertilizers commonly differ in their NPK
ratios. An NPK compound 13-13-21, for example,
means that the ratio of N:P,O5:K,0 of these plant
nutrients in the compound is 13% N, 13% P,0Os, and
21% K,O. Further NPK combinations are 10-15-20,
15-15-15, 12-12-17, 12-12-20. Combinations of
N and P, N and K, as well as of N and K are also
available. The complex fertilizer granules are free-
flowing, resistant to physical damage and moisture,
and easy to handle. The hardness of the granules
as well as their resistance to abrasion keep the
fertilizer from disintegration and dust formation
even with frequent handling. Complex fertilizers
take less time and labor to apply than individual
straight fertilizers.

Bulk Blends

Bulk blends are an alternative to complex fertilizers.
One of the major differences between bulk blends
and complex fertilizers is the way in which the nutri-
ents are combined. While bulk blends are a physical
mixing or blending of separate dry ingredients with
no chemical reaction between the different compon-
ents, in complex fertilizers the chemical reaction
during the production within the slurry guarantees
that each granule contains the correct proportion of
all nutrients.

Bulk blends are usually sold at a lower price than
complex fertilizes. Their disadvantage is that bulk
blends will segregate during transport, handling, and
application into the individual components, due to
differences in granule size and density.

Micronutrient Fertilizers

An inadequate supply of one of the micronutrients
may impair plant growth and reduce yield and quality
of the crop. The main issues with micronutrients are
to ensure adequate but not excessive supply to plants.
Micronutrients are often applied in combination with
NPK fertilizers, as salts or chelates to the soil or
dissolved in water sprayed on to the crop foliage

(Table 4).

Iron

The most common sources of inorganic iron (Fe)
sources are ferrous sulfate (FeSO4) and ferrous
carbonate (FeCOs3). Organic chelates include Fe
salts of ethylenediaminetetraacetic acid (EDTA),
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Table 4 Micronutrient fertilizers

Element
Chemical concentration

Fertilizer composition (%)
Ferrous sulfate FeSO,-7 H,O 20
Ferrous carbonate FeCOs; 48

Iron chelate Fe-EDTA 5

Iron chelate Fe-EDDHA 6
Manganese sulfate MnSO, -4 H,O 30
Manganese oxide Mn,0O3, MnO, 20
Manganese chelate Mn-EDTA 12

Zinc sulfate ZnS0,-7 H,O 23

Zinc carbonate ZnCO3 52

Zinc oxide ZnO 80

Zinc chelate Zn-EDTA 15
Copper sulfate CuSO,4 -5 H,0 14
Copper oxychloride Cu,CI(OH)3 48
Copper chelate Cu-EDTA 14
Boric acid H;BO3 28
Borax Na,B,0;- 10 H,O 11
Solubor NayBgO43 -5 H,O 21
Sodium molybdate Na,MoO, -2 H,O 40
Ammonium 3 (NH4)oMoO, - 4 MoOs; - 54

molybdate 4H,0
ethylenediamine di(o-hydroxyphenyl) acetic acid

(EDDHA), and diethylenetriaminepentaacetic acid
(DTPA).

Soils in which iron chlorosis is likely to occur are
referred to as high-lime, alkaline, or calcareous. Under
these conditions iron is generally not available for a
continuous supply to the plant. As iron is fixed under
high pH values, chelates have been shown to be su-
perior sources of Fe for plants because lower rates are
required than inorganic sources. Because of the high
costs of chelates and the generally ineffective nature
of inorganic Fe sources, foliar applications are the
most effective method of correcting Fe chlorosis.

Manganese

Manganese sulfate (MnSQy) is the most famous man-
ganese (Mn) fertilizer. It is recommended for soil as
well as for foliar application. However, when soils are
treated with MnSQOy, banded placement rather than
broadcasting should be carried out. Of the organic
Mn fertilizers, Mn-EDTA, which is mainly used for
foliar application, appears to give the best response.
Water-insoluble Mn fertilizers are different Mn
oxides (Mn,O3, MnO,).

Zinc

There are many zinc (Zn) fertilizers available, but the
most common inorganic compounds are zinc sulfate
(ZnSQ,), which is the most used Zn fertilizer because
of its high solubility, and zinc oxide (ZnO). Other
inorganic Zn compounds are Zn carbonate (ZnCO3)

and Zn sulfide (ZnS). The main organic Zn fertilizer is
Zn-EDTA. Both inorganic and organic Zn fertilizers
are used for soil and foliar application.

Copper

Inorganic as well as organic copper (Cu) fertilizers are
used to control Cu deficiency. Copper sulfate (CuSQOy)
is the oldest Cu fertilizer, which may be used for soil and
foliar application. However, caused by the scorching
of CuSQy of the leaves, Cu oxychloride (Cu,Cl(OH)3)
is recommended for foliar application. Cu-EDTA is
recommended for soil and foliar application.

Boron

The most important boron (B) fertilizers are boric
acid (H3BO3), borax (Na,B,O--10 H,O), sodium
tetraborate (Na,;B4O--5H,0), sodium pentaborate
(N32B10016 . 10H20), and solubor (N32B3013 .
5H,0). Borax is the most used B fertilizer, and, like
the other Na borates except solubur, which is applied
both to soils and leaves, it is used for soil application.
On high-B-fixing soils, H3BOj is also used as a foliar
spray. As compared with the other micronutrients the
limited range between B deficiency and toxicity is
extremely narrow.

Molybdenum

Molybdenum (Mo) is the micronutrient with the
lowest demand. Mo deficiency is corrected by the ap-
plication of sodium molybdate (Na,MoOQO,-2H,0)
or ammonium molybdate (3 (NH4),MoO, -4 MoOj3-
4H,0). Besides soil application, foliar applications
or treating seeds are common.

See also: Fertigation; Fertility; Nutrient Availability
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Introduction

The clay particles of soils are of colloid size (less than
2 pm) and usually carry a net negative charge. This
charge is neutralized by exchangeable cations. The
interaction between soil solution and soil clay and
the phenomena of clay dispersion and flocculation
depends on the type and amount of the soil clays, the
nature of the exchangeable cations, and the electrolyte
concentration in the soil solution. Clay dispersion
(deflocculation) and flocculation are very important
in determining the physical properties of soils such as
hydraulic conductivity, aggregate stability, crusting,
infiltration rate, and erosion.

In a stable clay suspension, dispersed particles col-
lide frequently because of their Brownian motion, but
separate again because of diffuse double-layer repul-
sion forces. When salt is added to the clay suspen-
sion, the particles may stick together upon collision,
forming flocs that settle. The stability of the colloidal
suspension is a balance between repulsive and attract-
ive forces acting simultaneously among the suspended
particles.

Shape and Charge of Soil Clays

The clay minerals of most soils are dominated by
various layer silicates. Layer silicate clay minerals
are classified as 1:1 where each layer consists of one
tetrahedral silica sheet and one octahedral alumina
sheet (e.g., kaolinite); 2:1 where each layer consists
of one octahedral sheet sandwiched between two
tetrahedral sheets (e.g., montmorillonite and ver-
miculite); or 2:1:1 where a metal hydroxide sheet
is sandwiched between the 2:1 layers (chlorite).
(See Clay Minerals.)

The clay minerals are characterized by isomorphic
substitution of lower-valence cations in either the
tetrahedral (Al replacing Si) or octahedral (Mg re-
placing Al) sheets or both. This excess of permanent

negative charge inside the crystal is balanced by
exchangeable cations on the external surface. Layer
silicate clay minerals also possess variable charge
located at the broken edges of clay minerals. At
the edges of the 2:1 clay minerals, hydroxyl Al or
hydroxyl Si is present. Negative charge may develop
on the edges of the octahedral (AI-OH) layer at
high pH and positive charge at low pH.

The colloidal activities of the clay minerals depend
on their specific surface area (meters squared per
gram) and the charge density expressed by their
cation exchange capacity (CEC, in centimoles of
cation charge per kilogram) divided by their specific
surface area. Kaolinite is a widespread, 1:1 clay min-
eral with low CEC (1-10 cmol. kg™'), low surface
area (20-50 m*g '), and low colloidal activity. Con-
versely, montmorillonite, the dominant clay in soils
from semiarid regions, belongs to the 2:1 clay mineral
category, has a high CEC (80-120 cmol.kg™"), high
surface area (800 m?g~') and high colloidal activity.
Vermiculite with high CEC (120-150 cmol. kg ') and
intermediate surface area and illite with intermediate
CEC (20-40cmol.kg™!) and intermediate surface
area are clay minerals with low-to-intermediate
colloidal activity. The mineralogy, charge characteris-
tics, and CEC of several clay minerals are presented in
Table 1.

Table 1 Charge characteristics and cation exchange
capacities of clay minerals
Cation
Charge per unit half-cell exchange
capacity
Solid Tetrahedral Octahedral (cmol, kg™ ")
Kaolinite 0 0 1-10
Smectite 80-120
Montmorillonite 0 —0.33
Vermiculite —0.85 0.23 120-150
Mica 2040
Muscovite —0.89 —0.05
Chlorite 10-40

Reproduced with permission from Goldberg S, Lebron |, and Suarez DL
(1999) Soil colloidal behavior. In: Sumner ME (ed.) Handbook of Soil Science,
pp. B195-B240. Boca Raton, FL: CRC Press.
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Forces Between Clay Platelets

Repulsion Forces

The electrical double layer According to the Gouy-
Chapman theory, the diffuse double layer consists of
the lattice charge and the compensating counterions.
The counterions are subject to two opposing tenden-
cies: the cations are attracted electrostatically to the
negatively charged clay surface; and the cations tend
to diffuse from the surface of the particle, where
their concentration is high, into the bulk of the solu-
tion, where their concentration is lower. The two
opposing tendencies result in decreasing counterion
concentration from the clay surface to the bulk solu-
tion (Figure 1). Divalent cations are attracted to the
surface with a force twice as large as that of mono-
valent cations. Thus, the diffuse double layer in the
divalent ion system is more compressed toward the
surface. With an increase in the electrolyte concen-
tration in the bulk solution, the tendency of the coun-
terions to diffuse away from the surface is diminished
and the diffuse double layer compresses toward the
surface. The distribution of mono- and divalent
cations in the diffuse double layer at high and low
electrolyte concentration is also presented in Figure 1.

In Gouy-Chapman’s diffuse double-layer theory,
the counterions are considered as point charges with-
out dimensions. As long as the ions are far from the
clay surface, their concentration is low and their size

Cation  Anion
excess deficit

Cation  Anion
excess deficit

o, + 0. = Ao= o0, + o
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lon concentration (n)
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Figure 1 Distribution of counterions (n’_ and n.) and co-ions
(n”_and n_) in the electrical double layer for a permanent charge
surface (o) at two electrolyte concentrations. (After Van Olphen H
(1977) An Introduction to Clay Colloid Chemistry, 2nd edn. New York,
NY: John Wiley.)

has little influence on the statistical calculations of the
diffuse double layer. However, in the vicinity of
the clay surface where the concentration of the
cations is high, the distance of closest approach to
the surface is important, and the size of the ions and
the energy of hydration of the cations must be con-
sidered to give an accurate description of the ions’
distribution near the clay surface. Consequently, the
double layer is divided into the Stern layer, i.e., the
first layer of the counterions immediately next to
the clay surface, and the Gouy layer, which is the
diffuse layer. Adsorbed cations are classified as being
in the diffuse or Stern layer depending on their dimen-
sion and hydration energy. Calculations using the
amended theory predict differences in the adsorption
characteristics and flocculation values of Lit, Na¥,
and K* montmorillonite in general agreement with
experimental observations.

When two clay platelets approach each other, their
diffuse counterion atmospheres overlap. Work must
be performed to overcome the electrical repulsion
forces between the two positively charged ionic at-
mospheres. The electrical double-layer repulsion
force, also called the ‘swelling pressure,” can be cal-
culated by means of the diffuse double-layer theory.
The greater the compression of the ionic atmosphere
toward the clay surface, the smaller the overlap of
atmospheres for a given distance between particles.
Consequently, the repulsion forces between the par-
ticles decrease with increases in the salt concentration
and in the valence of the adsorbed ions. Thus, high
repulsion and high swelling persist in dilute solutions
of sodium clay.

Hydration repulsion forces The adsorbed cations
and the clay surfaces must lose some of their hydra-
tion water, because the clay particles approach each
other very closely in the process of flocculation. The
work that is needed to remove these water molecules
manifests itself as the repulsion energy. Relative to the
double-layer repulsion forces, the range of these
forces is short. These forces partially negate van der
Waals forces of attraction, resulting in particles not
being trapped in a true primary minimum. This
makes it easier for particles to disperse with little
input of energy as the electrolyte concentration is
reduced.

Flocculation and Attraction Forces

A stable clay suspension flocculates upon the addition
of salt. Flocculation takes place only when a thresh-
old electrolyte concentration, the ‘flocculation value’
(FV), is applied. A suspension of clay platelets floccu-
lates in three possible modes of particle association
(Figure 2): (1) association between flat oxygen planes
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Figure 2 Schematic representation of modes of particle floccu-
lation: (a) dispersed; (b) face-to-face flocculation; (c) edge-to-face
flocculated; (d) face-to-face and edge-to-face flocculated. (After
Van Olphen H (1977) An Introduction to Clay Colloid Chemistry, 2nd
edn. New York, NY: John Wiley.)
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of two parallel platelets (face to face, FF); (2) associ-
ation between edge surface of neighboring particles
(edge to edge, EE); and (3) association between edge
and oxygen planar surface (edge to surface, EF). In
the presence of low concentrations of NaCl, the dif-
fuse double-layer repulsion prevents particle associ-
ation and a stable suspension is obtained. As the
concentration of NaCl increases, double layers at
soil surfaces become compressed and, at the FV,
attraction forces may prevail and EF, EE, and FF
association may occur. Similarly, when polyvalent
cations are adsorbed (e.g., Ca and Mg) on the clay
surface, the diffuse double layer is compressed and
attraction forces may prevail. Although the three
types of association are really three modes of floccu-
lation, only the EE and the EF types of association
were discussed in the past and were labeled clay
flocculation with high gel volume. The thicker par-
ticles, which result from simple FF association, were
not called ‘flocs,” because they were condensed with
low gel volume. Special cases of FF association, which
lead to high-volume flocs, have now been described
(Figure 3) and it has been concluded that FF associ-
ation may also lead to high-volume flocculation.

Van der Waals force of attraction The van der Waals
attractive force between colloidal particles arises
from the fluctuating dipole of one atom that polarizes
another, and the two atoms attract each other. This
attraction between atom pairs is additive and there-
fore the energy of interaction between particles
decreases much more slowly with distance than
that between individual atoms. The van der Waals
attraction force leads to FF clay association.

Figure 3 Mode of platelet association (face-to-face) in sodium
montmorillonite suspension at moderate electrolyte concentra-
tion (e.g., 44mmol dm~2 NaCl concentration). (Reproduced with
permission from Keren R, Shainberg L, and Klein E (1988)
Settling and flocculation value of Na-montmorillonite particles
in aqueous media. Soil Science Society of America Journal 52:
76-80.)

Electrostatic EF attraction forces The flat sur-
faces are not the only surfaces of the plate-like clay
particles; they also expose an edge surface area. At the
edges, the octahedral alumina or iron sheets are dis-
rupted and primary bonds are broken. This situation
is analogous to that on the surface of alumina or iron
particles in alumina and iron sols. On such surfaces
an electric double layer is created by the adsorption of
potential-determining ions. The hydroxyl-aluminum
edge carries a positive charge in acid solution and
a negative charge in high-pH solution. The zero
point of charge does not necessarily occur at neutral
pH. The charge becomes more positive with decreas-
ing pH, and its sign may be reversed with increasing
pH. When the charge on the edges is positive and the
repulsive diffuse double-layer forces are diminished
by a high concentration of electrolytes, a positive-
edge to negative-face surface predominates and EF
flocculation occurs.

Clay charge density and electrostatic attraction
forces The colloid properties of clays depend to a
large extent on the density of charge on the clay
surface. This parameter can be derived from the
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exchange capacity per gram and the surface area per
gram (Table 1). Sodium montmorillonite in dilute
suspensions exists as single platelets. Calcium mont-
morillonite, even in distilled water, exists in packets
(tactoids or quasicrystals), each consisting of several
(4-9) clay platelets with a film of water 0.45nm on
each internal surface and c-spacing of less than
1.9 nm. The swelling pressure of calcium montmoril-
lonite can be predicted from the diffuse double-layer
theory if one assumes that the number of platelets in a
tactoid is 5 and that only the Ca ions on the external
surfaces of the tactoids form a diffuse double layer.
Sodium, magnesium, and calcium vermiculite do
not swell beyond 1.5nm (two molecular layers of
H,O between the platelets), even in distilled water.
The illites exist in quasicrystals with c-spacing of less
than 1 nm regardless of the adsorbed cations. It has
been suggested that electrostatic attraction forces,
which increase with the increase in surface charge
density and with increase in cation valence, prevent
clay swelling in clays with high surface charge density.
The charge density at clay surfaces is an average
value, and heterogeneity of the charge density due to
isomorphous substitution has been determined for
montmorillonites ranging between 0.7 x 10~® and
1.5 x 10> mmol.m 2. Wyoming bentonite is the
most heterogeneous among six various clay types. It
is possible, therefore, that at specific sites on the
planar surfaces the charge density is very low or
even zero (the surface area of these particular sites
may not be detected). Thus, in the extreme situation
where the charge density is very low (or even zero,
such as in pyrophyllite), there are no repulsion forces
(both double layer and hydration), and the van der
Waals attraction forces exceed the repulsion forces
and a FF association may occur (Figure 3). Similarly,
in sites where the charge density is high (such as in
vermiculite), the electrostatic attraction forces be-
tween the cations and the clay platelets is very high,
swelling decreases, and a FF association may occur
(Figure 3). Since the montmorillonite platelets are
long and flexible and have the capability to bend,
the platelets may form cohesive junctions at several
locations of low or high surface charge densities to
form a network structure, as illustrated in Figure 3.
This results in a high gel volume, as demonstrated for
Na-montmorrilonite at pH 9.8 (Figure 4).

Spontaneous and Mechanical Dispersion

Spontaneous dispersion often takes place without
energy inputs when sodic clay is placed in water of
very low electrolyte concentration. The proportion of
clay particles separated in this way increases with an
increase in the sodium adsorption ratio (SAR) of the
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Figure 4 The flocculation value (dashed line) and gel volume
(solid line) of sodium montmorillonite in NaCl solution as affected
by suspension pH (the clay concentration was 0.1% and the
apparent size of the platelets was less than 2 um). (Reproduced
with permission from Keren R, Shainberg L, and Klein E (1988)
Settling and flocculation value of Na-montmorillonite particles
in aqueous media. Soil Science Society of America Journal 52:
76-80.)

soil solution and with a decrease in the electrolyte
concentration.

Hydrated clay particles in equilibrium with low-SAR
solution, which have undergone limited separation,
can be pushed further apart by applying external me-
chanical pressure such as stirring or raindrop impact.
When the SAR of the clay solution is low to moderate
and the electrolyte concentration is high enough to
prevent spontaneous dispersion, the introduction of a
mechanical force such as mixing the suspension may
cause clay dispersion. The clay at the soil surface is
especially susceptible to dispersion because of the
mechanical energy applied by raindrops. This is one
of the reasons why the soil surface is more susceptible
to clay dispersion and aggregate disintegration by low
sodic conditions, compared with the soil’s profile.

Flocculation and Dispersion in Na/Ca Clays

The flocculation value of sodium and calcium
montmorillonites Adsorbed Na ions form a diffuse
double layer at the clay surface, and, because of the
high swelling between the platelets, single platelets
tend to persist in dilute solution. When salt is added
to the clay suspension, the particles stick together
upon collision, forming flocs that settle. The suspen-
sion is then separated into the bottom sediment and a
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Table 2 Selected critical flocculation concentrations for some
clay minerals

Suspension
CFC Background strength
Mineral (molm~3)  electrolyte pH  (gkg™)
Georgia kaolinite 5 NaCl 7 0.6
245 NaHCO3 83 0.6
0.4 CaCl, 7 0.6
Montmorillonite 12 NaCl ? 1
0.13 CaCl, ? 1
Vermiculite 38 NaCl 7 0.6
58 NaHCO; 83 0.6
0.8 CaCl, 7 0.6
Grundy illite 7.24 NacCl 6 1
0.2 CaCl, 6 1
Illite 36 9 NacCl 7 0.6
185 NaHCO3 83 06
0.13 CaCl, 7 0.6

CFC, critical flocculation concentration.

Based on data from Goldberg S, Lebron |, and Suarez DL (1999) Soil
colloidal behavior. In: Sumner ME (ed.) Handbook of Soil Science,

pp. B195-B240. Boca Raton., FL: CRC Press; Oster JD, Shainberg |, and
Wood JD (1980) Flocculation value and gel structure of Na/Ca
montmorillonite and illite suspensions. Soil Science Society of America
Journal 44: 955-959.

particle-free supernatant liquid. The FVs of clays
depend on counterion valency. The FVs of sodium
and calcium montmorillonite are 12 mmol.1~! NaCl
and 0.25 mmol. 17" CaCl,, respectively (Table 2). The
sodium montmorillonite gel has approximately 330 g
of water per gram of clay, which corresponds to a
film thickness of 440 nm per surface (Figure 4). This
thickness exceeds the range of diffuse double-layer
forces and/or the van der Waals forces. The open
structure typical of sodium montmorillonite gels sug-
gests that EF attraction forces or the flexible platelets
mechanisms (Figure 3) are operating.

Effect of pH on the FV of sodium montmorillonite
The FV of sodium montmorillonite by NaCl is pH-
dependent and its value is 12.6 mmol.1"" at pH 7,
and 10, 13, 31, and 44 mmol ! of NaCl at pH 5, 7.5,
8.5, and 9.8, respectively (Figure 4). The final gel
volume of sodium montmorillonite samples at the
above pH values is high (350-490g of water per
gram of clay) (Figure 4). The high gel volume indi-
cates that a three-dimensional ‘card house’ structure
is formed, even at pH 9.8, in spite of the fact that at
pH 9.8 a negative charge predominates at the broken
edges. The high gel volume at pH 9.8 suggests that
an open structure with FF association between the
platelets (at sites of low and high charge density)
predominates rather than the EF card house structure.

Dispersion and flocculation in Na/Ca clay systems
Whereas single platelets tend to persist in a dilute
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Figure 5 Dependence of electrophoretic mobility (curve A) and
the relative size (curve B) of montmorillonite particles on the
exchangeable sodium percentage (ESP). The relative size is
expressed in units of the slope in Einstein’s equation for the
viscosity of suspension. (Reproduced with permission from
Shainberg | and Letey J (1984) Response of soils to sodic and
saline conditions. Hilgardia 52: 1-57.)

solution of sodium montmorillonite, calcium mont-
morillonite platelets aggregate into tactoids or quasi-
crystals. Each tactoid consists of several (4-9) clay
platelets in parallel array, with interplatelet distances
of 0.9nm. A diffuse double layer exists only on the
external surfaces of the tactoids. In a suspension
containing a mixture of Na and Ca ions, ‘demixing’
of the cations occurs so that some interlayer spaces
contain mainly Na ions and others mainly Ca ions.
An indication of the location of the adsorbed ions
in montmorillonite clay saturated with a mixture of
mono- and divalent cations is obtained by measure-
ments of the electrophoretic mobility of clay particles
in suspension (Figure 5). A slight addition of exchange-
able Na (e.g., 10%) to Ca-saturated clay has a consider-
able effect on the electrophoretic mobility of the clay
(Figure 5). When the exchangeable sodium percentage
(ESP) in a clay suspension is less than 40%, the Na ions
concentrate on the external surfaces of the tactoids and
the Ca ions concentrate on the internal surfaces.
Results of studies of the FVs of montmorillonite and
illite suspensions saturated with mixtures of Na and
Ca ions in the exchange phase (Figure 6) indicate that
a small addition of exchangeable Na to Ca-saturated
montmorillonite can have a considerable effect on the
FV. The demixing model, which suggests that Na ions
concentrate on the external surfaces of the tactoids
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Figure 6 Flocculation value for Wyoming montmorillonite (API
25) and Fithian illite (APl 35) as a function of the sodium adsorp-
tion ratio. (Reproduced with permission from Shainberg | and
Letey J (1984) Response of soils to sodic and saline conditions.
Hilgardia 52: 1-57.)

and increase the flocculation values of the clay consid-
erably, was applied. When the ESP of the clay suspen-
sion reaches 50, the FV of the Na/Ca mixture reaches
the FV of pure sodium montmorillonite (Figure 5). Also
the gel volume increases with an increase in ESP until it
reaches the gel volume of pure sodium montmorillonite
at ESP 50 (Figure 7). In clay suspensions with ESP of
more than 50, disintegration of the tactoids is complete
and single platelets predominate.

The effect of peptizing agents Sodium polyme-
taphosphate ((NaPQs3);3) is a very effective peptizing
agent. Organic anions may also act as peptizing agents.
The FV of the peptizer-treated clay suspensions in-
creases rapidly with increasing peptizer concentration.
The anions are probably chemisorbed at the edges
of the clay particles by reacting with the exposed Al.
Thus, the charge of the edges becomes negative, which
prevents the EF bond from taking place.

If the EF bond is eliminated by the adsorption of the
polymetaphosphate, then one might expect that the
open, card-house structure of the gel is also eliminated.
However, an open structure with high gel volume has
been obtained for the sodium gel (Table 3). This also
indicates that a FF bond may lead to open gel structure.

Soil clay systems Flocculation and dispersion be-
havior of soil clays differs significantly from that of
pure clay systems, possibly because soil clays usually
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Figure 7 Water content of Wyoming montmorillonite gel as a
function of Na adsorption ratio and suspension clay content.
(Reproduced with permission from Oster JD, Shainberg I, and
Wood JD (1980) Flocculation value and gel structure of Na/Ca
montmorillonite and illite suspensions. Soil Science Society of
America Journal 44: 955-959.)

occur as mixtures and because of their association
with other minerals and organic matter present in
the soil. A few studies demonstrate that the FV values
of soil clays is two- to tenfold higher than for pure
clay systems (Figure 8). Conversely, in the presence of
hydrous oxides or sparingly soluble minerals such as
CaCQs, clay dispersivity is reported to be less severe.
Hence, extrapolation from pure clay systems is of
limited practical value.

Dispersion and the Hydraulic Properties
of Soils

Figure 9 shows the importance of clay dispersion and
movement in determining the hydraulic conductivity of
soils. In this experiment a noncalcareous loam with
20% clay (montmorillonite) and a calcareous clay soil
(50%, montmorillonitic) were equilibrated with a
solution of 20mmol.I™" of SAR 10 to give soils
with ESP 10. Following equilibration, the soils were
leached with distilled water. The loam was completely
sealed and the clay soil maintained a relative hydraulic
conductivity of about 20% (Figure 9). This observation
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contradicts the generalization that soils having a higher
content of expansible clays are more susceptible to
sodic conditions because of more swelling. In the cal-
careous clay soil, salt concentration in the soil solution
was maintained at 4 mmol.1™" by dissolution of car-
bonates. At ESP 10, this concentration prevents clay
dispersion, and the hydraulic conductivity decrease is

due only to swelling. Conversely, in the noncalcareous
loam, soil solution concentration was below
1 mmol. 17", thus clay dispersion has occurred and the
dispersed clay has clogged the conducting pores.

The infiltration rate of the soil surface, exposed
to rain, is more susceptible to dispersion and sodic
conditions than the hydraulic conductivity of the soils

Table 3 The effect of sodium polymetaphosphate ((NaPOs)i3=102 x 13) on the flocculation value and the water content of the
montmorillonite gel prepared from suspensions that contained 0.1% and 0.2% clays

Water content of gel (g H-O g~ clay)

Peptizer concentration With peptizer Without peptizer
NacCl flocculation
ppm mol,m~2 value (mol,m?) 0.1% 0.2% 0.1% 0.2%
0 0 12 240 220 240 220
1 0.01 20 260 235 200 190
10 0.1 80 170 180 150 140
100 1.0 120 160 165 130 130

Reproduced with permission from Oster JD, Shainberg |, and Wood JD (1980) Flocculation value and gel structure of Na/Ca montmorillonite and illite

suspensions. Soil Science Society of America Journal 44: 955-959.
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(Figure 10). Furthermore, the infiltration rates of
calcareous and noncalcareous soils are equally sensi-
tive to low levels of exchangeable sodium, whereas
the hydraulic conductivity of the calcareous soils is
less sensitive to low ESP than that of the noncalcar-
eous soils. Both phenomena are explained by the
clay-dispersion mechanism. At the soil surface, the
concentration of the soil solution is determined solely
by rain water and the low concentration of the salt
enhances clay dispersion. Also, the impact of rain-
drops enhances clay dispersion. Both mechanisms en-
hance clay dispersion, aggregate disintegration, low
infiltration rate, and high runoff.

Summary

The dispersion and flocculation of clays depend on
the mineralogy of the clay and are affected by the
composition of exchangeable cations, by the concen-
tration of salt, by the pH, by the presence of peptizing
agents, and by the application of a stirring mechan-
ism. In a mixed Na/Ca suspension, the flocculation
value of the clay increases sharply with the introduc-
tion of a small amount of sodium and with an in-
crease in pH. Dispersion, movement, and deposition
of soil colloids alter the geometry of soil pores and
affect the hydraulic properties of soils. Thus, introduc-
ing a small amount of Na to soils exposed to leach-
ing with rain water may cause clay dispersion and a
deterioration of soil physical properties.

See also: Clay Minerals
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Introduction

Classical monodimensional fluorescence spectros-
copy in the emission, excitation, and synchronous-
scan modes and total luminescence or tridimensional
fluorescence are noninvasive, nondestructive, nonsep-
arative, and sensitive techniques requiring minimal
sample pretreatment. They have proven to be very
promising and useful in the study of both organic
and inorganic soil constituents. The variety of fluo-
rescent structures indigenous in soil organic compo-
nents, and especially in its humified fractions, i.e.,
humic substances (HS), mainly humic acids (HAs)
and fulvic acids (FAs), has provided invaluable infor-
mation on their structural and functional chemistry
and reactivity as a function of relevant environmental
factors such as pH and ionic strength. The capacity
of metal ions to quench soil HS fluorescence has pro-
vided new insights into various aspects of metal-HS
interaction/complexation processes. Fluorescence
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quenching and fluorescence polarization techniques
have been applied successfully for mechanistic and
quantitative studies of binding/adsorption of several
organic pollutants to soil HS. Further, fluorescent
organic probe molecules have proven to be very use-
ful in studies of soil mineral-solution interfaces in
various conditions. Recent advances in commercially
available fluorescence instrumentation and in fluor-
escent derivatizing agents have opened up further
possibilities which were previously unattainable.

Basic Principles, Methodology,
and Instrumentation

The Fluorescence Phenomenon

Every molecule possesses a series of closely spaced
energy levels (Figure 1). When a quantum of light
impinges on a molecule and is absorbed, the electron
is promoted from the groundstate, Sy, to an excited
singlet state, Sy, S, etc. Typical transitions of this
kind are very probable in complex molecular systems
containing atoms with lone pairs of electrons, such as
O and N, and aromatic and/or aliphatic conjugated
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unsaturated systems capable of a high degree of elec-
tron delocalization. Any excited state then relaxes
down to the lowest vibrational level of that state,
and, subsequently, energy is released by ‘internal con-
version,” dropping the electron to the lowest vibra-
tional level of the lowest excited state, S;. Relaxation
from the S; state, which has a lifetime of the order of
10~7s, to the groundstate S, can then occur by differ-
ent mechanisms (Figure 1). These include: (1) the
radiative photoprocess of fluorescence, which con-
sists in the emission of photons less energetic than
those absorbed as a result of the energy loss incurred
during internal conversion processes; and (2) various
nonradiative processes, such as: (a) internal conver-
sion processes occurring by relaxation through in-
ternal vibrations or through collisions with solvent
and/or solute molecules; (b) transfer of energy to
another chemical compound resulting in a photo-
chemical reaction or formation of an excited-state
dimer (excimer) or excited-state complex (exciplex)
which then emits photons at longer wavelengths than
fluorescence; (c) intersystem crossing to a triplet state,
T, that has a lifetime much longer (often >107°s)
than its S§; precursor, which is followed by either a
delayed release of energy known as the phenomenon
of phosphorescence, or by relaxation through internal
conversion processes.

Instrumentation and Experimental Procedures

Generally, minimal sample preparation is required
for fluorescence measurements. Solutions and dilute
colloidal suspensions (<1g solid]™") can be placed
directly into quartz cells, whereas the use of dense
colloidal suspensions should be avoided because these
result in increases in light scattering and light absorp-
tion, and a subsequent decrease in signal-to-noise ratio.
The principal components of a fluorescence spectro-
photometer used for steady-state measurements are
shown schematically in Figure 2. Excitation energy is
provided by a high-energy continuum light source,
commonly a xenon discharge lamp. The desired excita-
tion wavelength is selected by passing incident radi-
ation through a monochromator before entering the
sample cell, preferentially a quartz cell. Radiation emit-
ted by the sample is generally monitored at an angle of
90° to the excitation radiation to minimize signal dis-
tortion due to light scattering, or using front-surface
detection. Wavelength selection of the emitted radi-
ation is obtained with another monochromator. The
emitted light is then measured by the detector, generally
a photomultiplier tube. The instrument is completed
by a readout device, generally a recorder output or,
preferentially, a microprocessor for data analysis.
Thermostated cell holders to control sample tempera-
ture and cell stirrers can be added to most commercial
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Figure 2 Schematic diagram of typical fluorescence instru-
mentation.

spectrofluorimeters. New instrumental developments
include the use of lasers as excitation sources and the
use of array or image detectors. The entire instrument
can be put under computer control with several benefits
in precision, calculation of quantum vyields, and cor-
rections for factors affecting fluorescence, such as the
inner-filter effect and photodecomposition. Due to in-
strumental factors such as fluctuations in source inten-
sity, common spectrofluorimeters provide uncorrected
spectra that vary from instrument to instrument; thus a
correction must be made to obtain a ‘true’ spectrum in
terms of quanta versus wavelength. Spectrofluorimeters
that include provisions for obtaining corrected spectra
have been designed.

Time-resolved fluorescence spectra or fluorescence
lifetime measurements, which allow the measurement
of the time a molecule resides in the excited state,
involve the use of pulsed or modulated light sources
and a rapid-detecting photomultiplier, a photodiode
array, or a time-correlated single-photon counter. Po-
larized fluorescence measurements can be achieved
by adapting a conventional instrument by placing
appropriated oriented polarizers between the excita-
tion monochromator and the sample, and between
the sample and the emission monochromator.

Fluorescence Spectra

Conventional monodimensional fluorescence spectra
can be obtained in the three modes of emission, exci-
tation, and synchronous-scan excitation on samples
dissolved or suspended in aqueous media. The emis-
sion spectrum is recorded by measuring the relative
intensity of radiation emitted as a function of the wave-
length at a constant excitation wavelength. The excita-
tion spectrum is recorded by measuring the emission
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intensity at a fixed wavelength while varying the excita-
tion wavelength. Synchronous-scan excitation spectra
are obtained by measuring the fluorescence intensity
while simultaneously scanning over both the excitation
and emission wavelengths, and keeping a constant,
optimized wavelength difference, A\ = Aoy — Aexe, be-
tween them. The synchronous-scan technique can se-
lectively increase the intensity of specific peaks, thus
improving the spectral structure resolution by decreas-
ing the intrinsic broadness and band overlapping occur-
ring in emission and excitation spectra of molecularly
complex and heterogeneous multicomponent samples.

Total luminescence or tridimensional (3D) fluores-
cence spectra provide a complete representation of
the fluorescence spectral features of a sample in the
form of an excitation—emission matrix (EEM), in
which fluorescence intensity is measured as a function
of the excitation wavelength on one axis and emission
wavelength on the other. To generate EEMs a series
of emission spectra over a preselected wavelength
range (generally chosen within 350-600 nm) are col-
lected over a range of excitation wavelengths (generally
chosen within 200-500 nm) by selecting an appropri-
ate wavelength step size for both the excitation (e.g.,
from 4 to 10 nm) and the emission (generally, 0.5 or
1 nm). Fluorescence intensity data sets at each excita-
tion wavelength are then converted into 3D spectra and
EEMs using adequate macroprograms, and analyzed
using dedicated computer graphic softwares.

The EEM spectra can be compared using the uncor-
rected matrix correlation (UMC) method. The UMC
value equals 1 where the two matrices are identical
and decreases to approaching zero with decreasing
similarity between them. The recently developed
fluorescence zone integration (FZI) method, which
utilizes quantitatively all the wavelength-dependent
fluorescence intensity data from an EEM spectrum,
is capable of quantifying differences in EEM among
various samples, and to measure the continuum of
binding sites in metal and organic complexes of a
sample.

Fluorescence Efficiency, Lifetime, and Intensity

Fluorescence efficiency, or quantum yield, ®¢, measures
the effectiveness with which the adsorbed energy is
reemitted, and is defined as the ratio of the total energy
emitted as fluorescence per total energy adsorbed.
Absolute efficiency measurements are difficult because
they require calibrated sources and detectors. How-
ever, the relative fluorescence efficiency of a sample,
®,, can be easily obtained by measuring the fluores-
cence intensity of a dilute solution (I}) of a standard of
known efficiency, @y, such as quinine sulfate, and that
of the sample (I):

g = Oy (IsqiAr/IigsAs) 1]

where I values are determined by integrating the area
beneath the corrected fluorescence spectrum, ¢ is the
relative photon output of the source at the excitation
wavelength taken directly from the curve, and A is the
absorbance.

Fluorescence lifetime, 7, refers to the probability of
finding a given molecule in the excited state at time ¢
after the excitation source is turned off, and repre-
sents the mean lifetime of the excited state. The value
of 7 can be calculated by measuring the fluorescence
intensity I at time #, I(¢), according to:

I(t) = I exp(—t/7) [2]

where Iy is the maximum intensity with the excita-
tion source on, i.e., during excitation, and ¢ is the time
elapsed after the excitation source is turned off.

Fluorescence intensity, I, depends on the molar
concentration of adsorbing species in solution, C,
and the fluorescence efficiency, ®¢, according to:

1= (I)flo[l — €Xp (—GbC)] [3]

where I is the intensity of incident radiation, € is
the molar absorptivity at the excitation wavelength,
and b is the path length of the cell. For very dilute
solutions, where ebC is sufficiently small, eqn [3]
reduces to a linear relationship:

I= (I)floebc [4]

and the fluorescence intensity is essentially homoge-
neous throughout the sample. When ebC increases,
the fluorescence intensity is no longer homogeneous
within the cell but is increasingly localized at the front
surface of the cell, thus the fraction of fluorescence
measured by the common detection system is smaller
(inner-cell effect). To avoid this effect, instruments are
designed to look at an area in the front part of the cell
rather than at the center.

Limitations and Problems

Fluctuations in intensity of the exciting light source,
variations in instrumental sensitivity of the detection
system, and other instrumental factors may cause
distortions and variations of instrumental response.
The shape of the excitation spectrum should be
identical to that of the absorption spectrum of the
molecule, but differences may be observed due to
instrumental artifacts arising from wvariations in
source intensity with wavelength and other causes.
The shapes of emission and excitation spectra should
be independent of the wavelength of the exciting



38 FLUORESCENCE SPECTROSCOPY

radiation and the wavelength at which fluorescence
is measured, but spectra are often wavelength-
dependent. In practice, however, the variations
expected are likely to be small when the fixed excita-
tion or emission wavelengths used are varied within
a limited range of values, i.e., between 320 and
370 nm and 520 and 570 nm, respectively. Light-scat-
tering effects such as Rayleigh, Tyndall, and Raman
effects may also influence to a varying extent the
fluorescence spectra recorded.

Corrections accounting for instrumental artifacts
and for scattering effects should be applied to fluo-
rescence spectra, particularly when quantitative com-
parisons are made between spectra measured on a
variety of spectrofluorimeters by different operators.
However, comparisons of uncorrected fluorescence
spectra may be allowed on a qualitative basis when
they are recorded on the same instrument using the
same experimental conditions.

Molecular and Environmental Factors
Affecting Fluorescence

Several molecular parameters can affect fluores-
cence intensity and wavelength. In particular, atoms
and ions of large atomic number, such as halogens
and paramagnetic metals, decrease the fluorescence
efficiency of a fluorescent organic compound. Increas-
ing the extension of the m-electron system increases
fluorescence and shifts the emission wavelengths
toward longer values. Steric hindrance generally re-
duces fluorescence, whereas increasing molecular
structural rigidity has the effect of increasing fluo-
rescence. Electron-withdrawing groups, such as car-
bonyls and carboxyls, largely reduce fluorescence
intensity, whereas the opposite is true for electron-
donating substituents such as hydroxide, alkoxide,
and amino groups. Further, all these groups shift
fluorescence to longer wavelengths.

A number of environmental factors can also affect
the fluorescence response of a sample. For example,
fluorescence efficiency is decreased by temperature
increase, or by the presence of a heavy atom in the
solvent molecule, whereas it is increased by increas-
ing solvent viscosity. Fluorescence wavelength is
shifted to shorter or longer values by an increase in
solvent polarity. Fluorescence intensity is reduced by
increasing solute—solvent interaction, e.g., by hydrogen
bonding. Therefore, heavy-atom solvents and hydro-
gen-bonding solvents should be avoided whenever
possible.

Light absorption by the solvent, large concentra-
tions of a fluorescent solute, the presence in solution
of a solute that absorbs radiation together with the
fluorescent molecule, or a solute that absorbs the
fluorescence of the sample molecule, give rise to

the so-called ‘inner-filter’ effect that causes quenching
of fluorescence of the sample. This effect can be re-
duced by selecting a suitable excitation wavelength,
diluting the sample, increasing solvent viscosity,
viewing fluorescence closer to the front surface of
the cell, and/or using the method of standard add-
itions or a correction factor.

The pH of the medium affects fluorescence spectra
of acidic or basic aromatic compounds by rapid
proton transfer reactions occurring to various extents
during the lifetime of the excited state. Dissolved
molecular oxygen can quench fluorescence of some
organic molecules by several mechanisms, especially
in polar solvents. This effect can be easily eliminated
by bubbling nitrogen through the solution. Metal
ions, especially paramagnetic ions, are also fluores-
cence quenchers, even where they do not form
complexes with the fluorescent molecule. Metal
quenching can be reduced markedly, e.g., by diluting
the sample.

Fluorescence Quenching

The emission intensity of a fluorescent species can be
quenched by its association and/or adsorption to
organic and inorganic substrates. The ‘simple’ bind-
ing (P —S) between a fluorescent organic pollutant,
P, and a single type of site of a sorbent, S, can be
represented by:

P+S=P-S§ 5]
with a binding constant, Kj,:
Ky = [P — S]/[P][S] [6]
The mass balance on P is described by:
[Proc] = [P} + [P =] [7]

where [P,.,] is the formal or total concentration of P in
the system.
Combining eqns [6] and [7] and rearranging yields:

[Peoc]/[P] = 1 4 Ky [S] 8]

Assuming that the fluorescence intensity is propor-
tional to the concentration of free P in solution, [P],
then:

I/ =1+ Ky[S] 9]

where /1 is the ratio of fluorescence intensities of the
pollutant, P, in the absence (Ip) and in the presence (I)
of a quenching sorbent S. The value of K}, can thus be
readily calculated from fluorescence measurements.
However, in the case where S and P — S include a large
number of adsorbing/complexing sites and sorbates/
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complexes, a rigorous interpretation of fluorescence
data is much more difficult, and only the estimation
of an average binding quotient is possible.

Fluorescence Polarization

The fluorescence polarization method can be applied
to study the conformation of a fluorescent organic
molecule and the sorption/binding of a fluorescent
organic pollutant to a variety of environmental sor-
bents. Any process that causes a decrease in the rate of
rotation of a fluorophore, i.e., a variation in its size,
during the lifetime of the excited state, including
change of conformation, adsorption on suspended
particulate matter, or binding to dissolved materials,
produces a decrease in polarization. The polarization,
p, can be calculated by the fluorescence intensities
measured in the planes parallel and perpendicular to
the plane of polarization of the excitation radiation,
I and I, respectively, according to:

p=—1)/(I+1.)

By measuring the polarization values for the free/
dissolved fluorophore (ps), the bound/adsorbed fluo-
rophore (p},) and their mixture (p), it is possible to
obtain the ratio of concentrations of bound (F;,) and
free (Fy) fluorophore, according to:

Fy/Fg = (®¢/ @) [(p — p5)/ (0b — P)]

where ®¢/®;, is the ratio of fluorescence efficiencies
for free and bound fluorophore. The values of ®; and
ps can be easily determined from the fluorophore
solution in the absence of sorbent material, whereas
the values of @, and py, can be measured in the pres-
ence of a large excess of sorbent material so that
practically all the fluorophore can be considered as
adsorbed. Measuring the polarization, p, as a func-
tion of binding/sorbent titrated into a fluorophore
solution at constant total concentration, or vice
versa, can then provide data to construct an adsorp-
tion isotherm, and possibly calculate an equilibrium
constant for binding, if stoichiometry is known or can
be assumed.

[10]

[11]

Fluorescence Correlation Spectroscopy

In the fluorescence correlation spectroscopy (FCS)
technique a laser light (excitation at 488 or 514 nm)
is focused into the sample using confocal optics, thus
realizing an open, illuminated volume element that is
called ‘confocal volume.” In the absence of chemical
processes, temporal variations of measured fluores-
cence intensity in the confocal volume can be attrib-
uted uniquely to the translational diffusion of the
fluorophore. These variations can be analyzed using

an autocorrelation function that includes a param-
eter, Tp, which is the diffusion time characteristic of
the particle under study in the confocal volume. The
system can be calibrated with a rhodamine 6G (R6G)
standard that has a known diffusion coefficient. The
values of diffusion times for R6G and the sample in
each condition are then determined from the best fit
of the autocorrelation function, and finally used to
calculate the diffusion coefficient of the fluorescent
sample.

Soil Organic Components

Fluorescence Spectra

Although fluorescent structures constitute only a
minor portion of HA and FA macromolecules, fluor-
escence analysis has provided unique information on
their structural and functional chemistry. Fluores-
cence emission spectra of soil HAs and FAs generally
consist of a unique broad band featuring a flat max-
imum at a wavelength ranging from about 500 to
520 nm for HA and from about 445 to 465 nm for
FA, as a function of their origin and nature (Figure 3).
The overall fluorescence intensity of FA is generally
larger than that of HA.

Fluorescence excitation spectra of soil HAs and FAs
generally feature a number of distinct peaks and/or
shoulders whose exact position and relative inten-
sity depend on their origin and nature. In particular,
HAs generally feature two closely spaced major peaks
in the long-wavelength region (around 465 and
450 nm), often accompained by a minor peak or
shoulder in the intermediate-wavelength range (at
400-390nm) (Figure 3). In contrast, FAs generally
exhibit a main excitation peak in the intermediate
region of the spectrum (400-390 nm), with additional
minor peaks and shoulders at longer and/or shorter
wavelengths (Figure 3).

Synchronous-scan spectra of soil HAs generally fea-
ture only one peak in the long-wavelength region, often
accompanied by faint shoulder(s) at longer and shorter
wavelengths (Figure 3). Soil FAs generally exhibit two
main synchronous-scan peaks at long (450-460nm)
and intermediate (390-400nm) wavelengths, often
with some less intense peaks and shoulders at both
sides (Figure 3).

Total luminescence or EEM spectra of soil HAs
and FAs generally show excitation/emission fluo-
rescence pairs in the wavelength range of 300-400/
400-500nm, which is in agreement with monodi-
mensional spectra. Soil HAs feature fluorescence
maxima at longer excitation/emission wavelengths
and are less intensely fluorescent than soil FAs. Typ-
ical EEM spectra of three reference HA and FA
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Figure 3 Fluorescence emission, excitation, and synchronous-
scan spectra of the International Humic Substances Society
(IHSS) reference humic acid (HA) and fulvic acid (FA) isolated
from a Mollic Epipedon soil. Reproduced with permission from
Senesi N, Miano TM, Provenzano MR, and Brunetti G (1991)
Characterization, differentiation, and classification of humic sub-
stances by fluorescence spectroscopy. Soil Science 152: 259-271

samples of the International Humic Substances
Society (IHSS) collection are shown in Figure 4.

The FZI method has been applied successfully to
analyze EEMs of fractionated and bulk soil dissolved
organic matter (DOM). Integration beneath EEM
spectral regions selected on the basis of chemical
criteria makes it possible to quantify DOM with
similar fluorescent properties, and to interpret struc-
tural differences and the possible origin of DOM
samples.

Nature of Fluorophores

Due to their molecular complexity and chemical het-
erogeneity, fluorescence spectra of HS probably rep-
resent the sum of the spectra of a number of different
fluorophores. Although the identification of specific
fluorophores in HAs and FAs is difficult, if not im-
possible, some hypotheses have been suggested on
their possible chemical nature. In particular, the
small fluorescence intensities and long wavelengths
of the main fluorescence peaks of soil HAs can be
attributed to large-molecular-weight (MW) compon-
ents possessing linearly condensed aromatic ring
systems bearing electron-withdrawing substituents,
such as carbonyl and carboxyl groups, and/or to
other unsaturated bond systems capable of a great
degree of conjugation. Conversely, the large fluores-
cence intensities and short wavelengths typical of soil
FAs can be ascribed to simple structural components
of small MW bearing electron-donating substituents,
such as hydroxyl, methoxyl, and amino groups, small
degree of aromatic polycondensation, and small level
of conjugated chromophores.

A number of structural components, which are
known to be fluorescent as simple compounds and
have been identified in HS macromolecules by
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Figure 4 Absorbance-corrected excitation—emission matrix spectra of (a) a soil fulvic acid and (b and c) two soil humic acids
obtained from the International Humic Substances Society (IHSS) reference collection (50 mg 1~", 0.010 mol I~* KCI, pH 6). Reproduced
with permission from Mobed JJ, Hemmingsen SL, Autry JL, and McGown LB (1996) Fluorescence characterization of IHSS humic
substances: total luminescence spectra with absorbance correction. Environmental Science and Technology 30: 3061-3065.
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degradative methods and nuclear magnetic resonance
(NMR) and infrared (IR) spectroscopies, have been
suggested as potential contributors to the fluores-
cence of HS (Table 1). These include: (1) benzene
rings bearing a hydroxyl group conjugated to a car-
bonyl, methylsalicylate units, and dihydroxybenzoic
acid structures, such as protocatechuic, caffeic, and
ferulic acids, which fluoresce at short wavelengths;
(2) hydroxy- and methoxy-coumarin-like structures
possibly originated from lignin, chromone, and
xanthone derivatives of plant origin, and Schiff-base
structures derived from polycondensation of car-
bonyls and amino groups, which fluoresce at inter-
mediate wavelengths; and (3) flavonoid, naphtol and
hydroxyquinoline structures that fluoresce at long
wavelengths.

Molecular and Environmental Factors
Affecting Fluorescence

The fluorescence intensity and spectral shape of HS
can be affected by a number of molecular and envi-
ronmental parameters. For example, a decrease in
fluorescence intensity, shift to long wavelengths, and
broadening of the emission maximum are observed
with increasing MW of HS macromolecules. These
effects can be related to the more extensively substi-
tuted aromatic network and greater degree of poly-
merization of the heavier HS fractions in comparison
to the lighter fractions.

A concentration in the range 5-10mg 17" does not
significantly affect the EEM spectra of HS. However,
as the concentration increases from 10 to 120 mg 1"
at pH = 7.0 for soil FAs, fluorescence emission shifts
to longer wavelengths, the overall fluorescence inten-
sity increases and the relative intensities of synchron-
ous-scan peaks change (Figure 5). In contrast, soil
HAs fluoresce more intensely at intermediate concen-
trations (16-70 mg 1'). These effects can be ascribed
to modifications of the degree of association and/or to
configuration rearrangements affecting HA and FA
fluorophores.

The spectral shapes and relative fluorescence inten-
sities can be variously affected by pH changes on
dependence of the nature and origin of HS. For
example, the synchronous-scan peaks of a soil FA
reduce from four to two as the pH increases from
4.5 to 10 (Figure 6). Increasing the pH from 2 to 10,
the fluorescence intensity increases and a red shift
occurs in both the long- and short-wavelength regions
of EEM spectra of some soil FAs (Figure 7). These
effects can be attributed to variations in ionization of
acidic groups, especially phenolic hydroxyl groups,
changes in free radical concentration and/or particle
association, and conformational rearrangements such

as decoiling of macromolecular structures, e.g., by
disruption of hydrogen bonds and consequent major
exposure of functional groups to the solvent.

Tonic strength due to KCl in the range of 0—1 mol ™"
appears not to affect significantly the EEM spectra of
HS. However, a gradual decrease in fluorescence inten-
sity is measured for some soil HAs and FAs upon in-
creasing ionic strength due to NaCl concentration from
0.001m to 0.01 moll~'. This effect can be ascribed
to both the gradual coiling-up of the HS macromolecu-
lar structure and the salt-depressing ionization of HS
functional groups.

Increasing the temperature from 18 to 48°C causes
a decrease in intensities and a shift to longer wave-
lengths of the major emission and excitation peaks
of FAs. This effect can be ascribed to the increased
deactivation of excited molecules by processes other
than fluorescence, e.g., intermolecular collisions. The
intensities of emission and excitation peaks of FAs tend
to increase with increasing the redox potential from
—1.17 to 4+2.5V in solutions at small concentrations
of mild reductants or oxidants.

Humiification Indexes and Differentiation of Humic
Substances by Fluorescence Properties

Both conventional monodimensional and EEM fluo-
rescence spectra can be used as diagnostic criteria for
differentiating HA and FA from the same source and
HAs and FAs of different origin, and for evaluating
their humification degree. A humification index of soil
DOM has been developed based on the ratio of the
area under the ‘upper quarter’ (‘H,” 435-480 nm) and
the area under the ‘lower quarter’ (‘L,” 300-445 nm)
of the fluorescence emission spectrum of the sample
measured at an excitation wavelength of 254 nm. An-
other humification index proposed for soil DOM is
based on the ratio of synchronous-scan fluorescence
intensity measured either at 400 and 360 nm or at 470
and 360 nm.

The humification degree of FAs of various origin
has been related to their synchronous-scan spectra
obtained at various pHs. Finally, a significant positive
correlation has been shown to exist between the hu-
mification degree of several soil HAs, evaluated from
the concentration of organic free radicals measured
by electron paramagnetic resonance (EPR) spectros-
copy, and total fluorescence, calculated as the area
under the emission spectrum obtained at an excitation
wavelength of 400 nm.

However, the classification and humification in-
dexes developed on the basis of fluorescence proper-
ties of HS still need extensive validation on a much
larger and differentiated number of HS samples
before they can be considered fully applicable.



42 FLUORESCENCE SPECTROSCOPY

Table 1 Wavelengths of fluorescence emission and excitation maxima of potential molecular component contributors to the

fluorescence of humic substances

Fluorescing molecule Structural formula Aem max (nm) Aexc max (nm)
Methyl salicylate COOCH3 448 302,366
@OH
Salicylic acid COOCH 410 314
@OH
3-Hydroxybenzoic acid COOH 423 314
OH
Protocatechuic acid (ionized) COO~ 455 340-370
M
OH
3-Hydroxycinnamic acid CH=CH-COOH 407 310
@OH
Caffeic acid CH=CH-COOH 450 365
OH
OH
Ferulic acid CH=CH-COOH 440 350
@OCH:;
OH
(-Naphtol (ionized) @e (on 460 350
Coumarins S
Unsubstituted < 454 376
Hydroxy- and methoxy- O 0 400-475 320-343
Esculetin 475 390
Scopoletin 460 390
Others disubstituted 430-462 350-419
Chromone derivatives ? 409-490 320-346
~N
o8
(6]
Xanthone and hydroxyxanthones 0O 456 410
[
465 343, 365
(0]
Flavones and isoflavones |O| 415-475 313-365
o8
Ph
OH o)
Hydroxyquinolines OH 450 350
O
N
Schiff-base derivatives [ 470 360-390
—N=C—C=C—N—

Adapted from Senesi N, Miano TM, Provenzano MR, and Brunetti G (1991) Characterization, differentiation and classification of humic substances by

fluorescence spectroscopy. Soil Science 152: 259-271.
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Figure 5 Effect of concentration (line 1, 120; 2, 100; 3, 75; 4, 50;
5 25, 6, 10mg I”) on the fluorescence synchronous-scan
spectrum (AX=MAgm — Aexc =18nm) of a soil fulvic acid. Re-
produced with permission from Senesi N (1990) Molecular and
quantitative aspects of the chemistry of fulvic acid and its
interactions with metal ions and organic chemicals. Part Il. The
fluorescence spectroscopy approach. Analisis Chimica Acta 232:
77-106.
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Figure 6 Effect of pH on the fluorescence synchronous-scan
spectrum (AN = Ae¢m — dexc = 18 nm) of a soil fulvic acid. Repro-
duced with permission from Senesi N (1990) Molecular and
quantitative aspects of the chemistry of fulvic acid and its in-
teractions with metal ions and organic chemicals. Part Il. The
fluorescence spectroscopy approach. Analisis Chimica Acta 232:
77-106.

Fluorescence Efficiency and Lifetime

A fluorescence decay curve not fitting a single ex-
ponential function has been obtained for soil FAs;
this indicates a range of fluorescence lifetimes as it
would be expected for a mixture of fluorophores.
Fluorescence efficiencies of about 0.1 are estimated
for FAs from experimental lifetime data of the order
of 15-20 ns. However, much smaller fluorescence ef-
ficiencies, ranging from 0.0017 to 0.0006, are mea-
sured by comparison of emission intensities of FA
with quinine sulfate, which suggests the presence of
only about 1% of efficient fluorophores in FAs.

The small fluorescence efficiency of FAs can also
be attributed to quenching effects caused by the pres-
ence of paramagnetic metal ions and/or to a signifi-
cant presence of free radicals and to other factors
such as molecular size and degree of oxidation. Fur-
thermore, fluorescence efficiency of FAs decreases
with increasing MW.

Conformational Studies by
Fluorescence Polarization

Fluorescence polarization is an attractive method for
studying the conformation of HS because it does not
require any chemical modification of the molecule,
and allows measurements at concentrations close to
those naturally occurring in aqueous media. The ro-
tational relaxation time (RRT) of soil FAs obtained
by this method does not change over the pH range
5-8, or at FA concentrations from 3.3x107° to
3.3 x 10 *moll™', or on varying the ionic strength
of the medium, thus suggesting no aggregation or
configuration change for FA in such conditions. The
net RRT value of 2.0 ns calculated for FA based on a
fluorescence lifetime of 2.1ns is in favor of a flat
extended conformation for FA. If the conformation
of FA were cylindrical or rod-like, a much shorter
RRT would be expected.

Values of RRT measured by time-dependent fluor-
escence depolarization for a soil FA in glycerol-water
(40/60, w/w) solutions indicate that, at small ionic
strength and FA concentration, disaggregation and
molecular expansion occur for FA with increasing
pH from 2.0 to 8.0, which is possibly due to the
accumulation of negative charge from increasing
carboxylate ionization. In contrast, RRT data
obtained at low pH (2.0-4.0) and/or large FA concen-
tration at large ionic strength are indicative of the
existence of FA in an elongated conformation and of
its tendency to aggregate, probably through the
hydrogen bonding formation favored by the large
presence of protonated acidic groups. These results
confirm that FA behaves like a flexible polyelectro-
lyte in solutions approximating naturally occurring
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Figure 7 Absorbance-corrected excitation—emission matrix spectra of a soil fulvic acid (50 mg|~", 0.010 mol I~ KCI) at pH 2.0 (a), 6.0
(b), and 10.0 (c). Reproduced with permission from Mobed JJ, Hemmingsen SL, Autry JL, and McGown LB (1996) Fluorescence
characterization of IHSS humic substances: total luminescence spectra with absorbance correction. Environmental Science and

Technology 30: 3061-3065.

concentrations. This information is very important
in the solution chemistry of FA, as its structure and
reactivity are markedly influenced by the conform-
ation, i.e., molecular size and shape.

Diffusion Coefficients Determined by Fluorescence
Correlation Spectroscopy

Average diffusion coefficients in the range of 2-3 x
10 "%m?s ™! are determined for FAs and HAs by the
FCS method in a range of concentration, hydration time,
pH, and ionic strength, which corresponds to hydro-
dynamic diameters of approximately 1.5-2.1 nm. The
slight decrease in diffusion coefficients with decreasing
pH from 10 to 3 suggests that some aggregation
occurs with formation of dimers and trimers. The
small or insignificant reduction of the diffusion coef-
ficient measured with increasing ionic strength up to
100 mmol 17! suggests the relative rigidity of HS mol-
ecules. No effect is observed as a result of changes in
the concentration (1-50mgl™') and hydration time
(1-14 days) of HA and FA and of using a Ca*" salt or
an Na™ salt at an ionic strength of Smmoll~'. For
most conditions studied, FAs show a diffusion coeffi-
cient larger than that of HAs, which is in agreement
with their respective molar masses.

Fluorescence Quenching of Soil Organic
Components by Metal lons

Molecular and Mechanistic Aspects

Metal ions, especially paramagnetic ions, are able to
quench the fluorescence of HS by enhancing the
rate of some nonradiative processes that compete
with fluorescence, such as intersystem crossing.
Large evidence is obtained that the ‘close’ association
of metal ion and organic ligand, i.e., the formation of
strong metal-HS complexes, is necessary for efficient

quenching. Paramagnetic metal ions, such as Cu®",
Fe**, Fe**, Ni?*, Cr*", and VO**, can effectively
quench HS fluorescence via intramolecular energy
transfer by forming strong complexes. The paramag-
netic ions Co>* and Mn?", and diamagnetic ions such
as Pb*" and AI**, which form weaker complexes with
HS, show a much less pronounced quenching effect,
whereas cations like Cd**, KT, Na*t, Ca®*, and Ba™"
show no quenching effect.

Wavelength shifts of fluorescence emission maxima
and/or excitation peaks are often observed upon
interaction of HS with paramagnetic metal ions. For
example, complexation of Cu®*" and Fe®" to a soil FA
at pH 4 and 6 causes a shift to longer wavelength
(390 nm) of the 360-nm excitation peak of unreacted
FA. In contrast, the excitation peaks of FA are shifted
toward shorter wavelengths by FA interaction with
Sn** more than with Ni**.

The fluorescence quenching of various soil FAs
occurring upon complexation with Mn?>" ions de-
creases as the MW of FA increases. Synchronous-
scan fluorescence analysis of three different MW
fractions of a soil FA shows that the affinity for AI**
and UO3" ions of the large-MW fraction is larger
than that of the small-MW fraction.

Fluorescence quenching of HAs and FAs of various
origin by Cu**, Co*", Pb*", Ni*", and Mn*" in-
creases as pH increases above ¢. 3 for Cu*" and
above c. 4 for the other three ions (Figure 8). At pH
6 and 7, Cu®" quenches nearly 80% of FA fluores-
cence, Co®" and Ni*" are less than half effective, and
Mn*" quenches about one-third of FA fluorescence.
These findings are in favor of a static quenching mech-
anism depending primarily on the fraction of FA
ligand sites complexing the metal ions, and exclude a
dynamic quenching mechanism occurring by collision
of FA fluorophores with the metal ions. The greater
quenching ability of Cu" is attributed to its capacity
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Figure 8 Fluorescence of soil fulvic acid solutions (5x 107°
mol1~") as a function of pH with no metal ion added (triangles)
and with threefold molar excess of Cu®>" (circles), Co®" (crosses),
or Ni*™ (squares). Adapted from Saar RA and Weber JH (1980)
Comparison of spectrofluorimetry and ion-selective electrode
potentiometry for determination of complexes between fulvic
acid and heavy-metal ions. Analytical Chemistry 52: 2095-2100.

to form strong inner-sphere complexes with both
strongly acidic carboxyl and weakly acidic phenolic
groups in salicylic and phtalic acid-type sites. In
contrast, Mn”>", and likely Co**, would form outer-
sphere complexes with FA not involving weakly acidic
sites.

Fluorescence quenching kinetics studies of a soil FA
added with increasing amounts of Cu?" suggest the
occurrence of two mechanisms for binding of Cu** to
FA. During the initial phase, when the Cu?*-to-FA
ratio increases up to 0.6, 60% of the total fluorescence
quenching and a pH change from 6.4 to 5.8 are meas-
ured, indicating the occurrence of a very rapid proto-
lytic reaction (strictly complexation). During the
second phase, from a Cu®"-to-FA ratio of 0.6-1.0,
the reaction is slower and pH remains relatively
stable, thus suggesting charge neutralization as the
dominant process. Above a Cu®"-to-FA ratio of 1.0,
fluorescence remains almost constant, indicating that
Cu?" is no longer specifically bound.

Synchronous-scan fluorescence is a more revealing
measurement than emission fluorescence for studying
quenching of FA fluorescence by metal ions. Principal
component analysis of synchronous quenching spec-
tra obtained by difference before-and-after additions
of Cu®™, Pb*", Ni**, Co*", Ni**, Mn*", Mg**, and
AT at various total concentrations indicates that
multiple fluorescent binding sites of FA are involved
in divalent metal complexation in solutions at pH 7.5,
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Figure 9 Comparsion of two experimental probes of metal
binding to a soil fulvic acid. x., increasing fractions of fulvic
acid binding sites occupied by Cu®" as calculated from ion-spe-
cific electrode titration; Q, relative fluorescence quenching of
fulvic acid. Adpated from Underdown AW, Langford CH, and
Gamble DS (1981) The fluorescence and visible absorbance of
Cu(n) and Mn(i1) complexes of fulvic acid: the effect of metal ion
loading. Canadian Journal of Soil Science 61: 469-474.

but not at pH 5. The ion AI’* is shown to compete
with Cu®" for FA binding sites, and to displace Mg*"
bound to FA. Correlation of synchronous fluores-
cence and time-resolved fluorescence measurements
suggests that a three-component model for FA ac-
commodates both pH dependence and metal ion
quenching.

A close inverse relationship exists between the rela-
tive fluorescence quenching, O, measured at the max-
imum emission intensity for a soil FA titrated with
Cu** ions and the fraction of binding sites, x., occu-
pied by the metal ion obtained by Cu®" ion-specific
electrode (ISE) potentiometry (Figure 9). The quench-
ing curve obtained for Mn*" has similar character-
istics but Mn?", which is about 100 times more
weakly complexed than Cu®", requires about 100
times the concentration of Cu®" to yield the same
degree of quenching. These results confirm the
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occurrence of a static, and not collisional quenching
mechanism.

Comparative studies by ISE potentiometry, anodic
stripping  voltammetry (ASV), and fluorescence
quenching show that no single site describes adequately
Cu*"=FA complexation over the entire pH range, but
a mixed mode of coordination would occur, with the
dominant binding sites varying with pH and metal-to-
ligand ratio. Aromatic amino acidic groups, such as
tyrosine and phenylamine moieties, and citrate and
malonate groups in FA, are suggested to contribute to
Cu*" binding from pH 3 to 7, whereas at higher pHs,
polydentate groups such as salicylates and phtalates
would be mainly involved in Cu** complexation by FA.

Quantitative Aspects

Fluorescence quenching titrations of a soil FA with
Cu”" have provided a complexing capacity (Cy) value
of FA for about 20mol1~! Cu®" at pH 6 and 7, and
a conditional stability constant (K},) of the complex
FA-Cu** two to three times greater at pH 7 than
at pH 5 and 6. Average C; and K}, values determined
by fluorescence quenching are of the same order
of magnitude as those determined by polarographic
titration. At pH 7 and 6 the final fluorescence
intensity is approximately 20% of the initial value
for FA, and it is 40% at pH 5, which indicates that
most FA fluorophores are directly involved in Cu?"
complexation.

With increasing Cu®" concentration, the fluores-
cence intensity of the shorter EEM wavelength pair
of a soil FA decreases more than that of the longer-
wavelength pair. The Ky, value evaluated assuming a
1:1 complexation stoichiometry for Cu®"-FA binding
is slightly larger for the shorter EEM wavelength pair
than for the longer one, thus confirming the existence
of different types of metal-binding sites for Cu®"
in FA.

Synchronous-scan fluorescence spectra of FAs
added with increasing amounts of Be*" at pH values
from 4 to 7 indicate the presence of a fluorescent
component not affected by Be*" and another com-
ponent resulting from the formation of relatively
strong fluorescent complexes with Be?" by different
FA binding sites. The calculated Cy are smaller at pH
4 than at higher pH, as expected by protonation of
some FA binding sites that become unavailable to
complexation at low pH. The K}, values also increase
from pH 4 up to pH 6, but decrease slightly at pH 7.
A similar analysis applied to complexation of Cu®",
UO3", and AI** by FA at various pH values and
concentrations shows, in the case of AI**, the pres-
ence of one component corresponding to the forma-
tion of a fluorescent complex and another component

corresponding to a nonfluorescent complex between
A" and FA. Calculated K, values indicate that the
stability of FA-AI>" complexes decreases markedly at
pH <4.5.

With increasing AI** concentration, the fluores-
cence polarization increases for the smallest MW
fraction of a soil FA and decreases for the largest
MW fractions, suggesting that the former FA fraction
does not change and the latter fractions change con-
formation upon complexation with AI** ions. The K,
values for AIP"—FA complexes can be calculated using
the anisotropy values obtained from polarization
data. Time-resolved laser fluorescence spectroscopy
has also been used to calculate Ky, values of complexes
formed by soil HAs with trivalent metal ions such as
Cm’* and Eu’".

In general, the information obtained by fluo-
rescence quenching on metal-HS complexation is
comparable to that obtained by other techniques,
including ASV, ISE potentiometry, and dialysis/
atomic absorption spectrometry. Although several
limitations and assumptions are inherent to fluores-
cence data analysis, this method has several ad-
vantages over other methods in that it is relatively
rapid, no separation is required between bound and
free metal ion, there is no need to add supporting
electrolyte or buffer or adsorbing material to the
sample, neither CO, nor O, interferes with the meas-
urement, and its sensitivity is enough for application
to unmodified, natural organic ligands without
preconcentration. A combined ISE potentiometry—
fluorescence spectroscopy approach shows the add-
itional advantages of avoidance of errors due to
inorganic metal complexes, and applicability to en-
vironmental matrices where the metal ISE may not be
suitable and to paramagnetic ions for which no ISE is
available. The major disadvantage of fluorescence
spectroscopy, that is, its efficiency only with strongly
binding paramagnetic metal ions such as Cu®",
can be, however, overcome by using fluorescent
probes such as the lantanide ion probe, which is
particularly promising for studies at environmental
concentrations of both the metal and HS.

Sorption/Binding of Fluorescent Organic
Pollutants to Soil Organic Components

Both fluorescence polarization and fluorescence
quenching methods can be applied with success for
molecular and quantitative studies of the binding/
sorption of organic pollutants to soil organic com-
ponents, and especially HS. The major advantage of
these methods is that no separation step is required,
which eliminates possible errors due to incomplete
separation of the free/dissolved from the bound/
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sorbed pollutant with consequent potential improve-
ments in reproducibility. Furthermore, both methods
are relatively rapid and convenient, and offer good
precision and great inherent sensitivity, thus en-
abling measurements of pollutant concentration at
environmental levels.

The fluorescence polarization method is prefer-
entially applied where the pollutant molecule is
an efficient fluorophore with respect to the sorbent,
i.e., the HS molecule. Alternatively, the fluorescence
quenching method can be applied to systems where
the fluorescence of the pollutant is affected by that
of HS.

Fluorescence Polarization

The fluorescence of perylene in glycerol-water
(75125, wiw) solutions at pH values of 2, 5, and 11
becomes more polarized as a function of added
FA (Figure 10), which indicates that perylene binds
to FA, forming a larger species that rotates more
slowly in solution than does perylene alone. Polariza-
tion reaches a maximum value and then remains con-
stant at FA levels above c. 3 x 10 °mol 1!, which
suggests that binding is complete at this concentra-
tion. The relatively small overall change in polar-
ization suggests that the reaction involves one
perylene molecule per one FA molecule, i.e., a 1:1
stoichiometry.

Based on these assumptions, a binding equilibrium
constant, Ky, can be calculated for the perylene-FA
reaction:

pery + FA = pery — FA [12]
directly from polarization data by derivation of
eqn [11], where the ®¢®,, term can be considered
equal to 1:

Ky, = [pery — FA|/[pery][FA] = (p — pe)/{(pv — P)
{CFA - [(p - pf)/(pb - p)]cpery}} [13]

where p¢ and py, are the initial (no FA added) and
final polarization values of perylene, and Cgs and
Cpery are the total concentrations of FA and perylene,
respectively. The K, calculated from eqn [13] are
1.2 x10%, 1.8 x 10°, and 1.5 x 10° at pH 2, 7, and
11, respectively. These values, which are expected
to be considerably larger in water, confirm the exist-
ence of extended hydrophobic surface regions in
FA available for association to hydrophobic organic
pollutants such as perylene and other polycyclic
aromatic hydrocarbons (PAHs), and suggest that
this process is likely to be significant in natural
systems.
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Figure 10 Perylene polarization as a function of added fulvic
acid in glycerol-water (75/25, w/w) solutions of perylene (4.9 x
107" mol1~") at pH 2.0 (a), 7.0 (b), and 11.0 (c). Reproduced with
permission from Roemelt PM and Seitz WR (1982) Fluorescence
polarization studies of perylene—fulvic acid binding. Environmental
Science and Technology 16: 613-616.

The fluorescence polarization method can be exten-
ded to nonfluorescent compounds by either measuring
the changes of intrinsic fluorescence polarization of the
sorbent HS molecule or performing competitive bind-
ing experiments using an adequate fluorophore probe.
In the first case, the polarization changes are likely to
be small and difficult to measure with precision, thus
good-quality instrumentation is required, whereas in
the second case, irreversible binding and slow kinetics
can complicate the experiment.
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Fluorescence Quenching

The rate of binding of benzo(a)pyrene (BaP) to a
water-dissolved HA at three concentrations has been
analyzed by measuring the quenching of BaP fluo-
rescence, i.e., the increase in Fy/F ratio (eqn [9]). At
any concentration, quenching is complete within
5-10 min of HA addition (Figure 11), which suggests
a rapid association of BaP to HA and the existence
of only a fast kinetic component.

The K, values for the association of various PAHs,
including BaP, perylene, fenantrene, and anthracene,
with water-dissolved HAs and FAs can be derived
using the linear Stern—Volmer plots (eqn [9]) obtained
by measuring the fractional decrease of fluorescence
intensity, Fo/F, as a function of the added HS quencher.
Further analysis of fluorescence data indicates the
occurrence of a static quenching process, i.e., the for-
mation of a nonfluorescent complex between PAH
and HS. The fluorescence quenching method also
allows the measurement of the partition coefficients
and adsorption coefficients normalized with respect
to organic carbon content, Koc, of compounds with
large fluorescence efficiencies, such as several PAHs,
to soil HAs and FAs under various pH and ionic
strength conditions.

Fluorescence quenching and synchronous-scan
fluorescence spectroscopy have been used to obtain
conditional stability constants for the binding of
carbamate pesticides to soil DOM and HA. For

0.7mgcCl!

20 40 60
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Figure 11 Time course of quenching benzo(a)pyrene fluores-
cence following the addition of humic acid (HA) at various con-
centrations at time zero. Fy/F is the ratio of fluorescence in the
absence of HA to that in the presence of HA. Reproduced with
permission from McCarthy JF and Jimenez BD (1985) Interaction
between polycyclic aromatic hydrocarbons and dissolved humic
material: binding and dissociation. Environmental Science and
Technology 19: 1072—-1076.

example, at pH 6, the binding constant of carbofuran
is greater than that of carbaryl and aldicarb. These
results can be used to predict the potential transport
of pesticides down the soil profile.
The association index (Al), formulated as:
Al = (re — rm)/7e [14]
where 7. and r,, are, respectively, the hypothetical or
‘expected’ fluorescence anisotropy value in the ab-
sence of interactions and the experimental value of
anisotropy, has been used as a quantitative parameter
to measure the degree of association between various
HAs and the 2,5-diphenyloxazole fluorescent probe
as a function of the HA nature, HA and probe con-
centrations, pH, and ionic strength. Evidence has
been obtained of the existence of HA pseudomicelles
that are able to sequester hydrophobic species at an
extent that is a function of the nature and distribution
of HA functional groups, the size and flexibility of
HA, and solution polydispersity and conditions. This
index has been proposed as a convenient indicator
of the general tendency of HAs to associate with
hydrophobic species.

Soil Mineral Components

Static and dynamic fluorescence spectroscopy of or-
ganic probes sorbed on soil clay minerals can provide
important and unique insights into several aspects
of specific interfacial and surface behavior of clay
particles in dilute colloidal dispersions/suspensions.
A probe molecule is selected so that it has a great
fluorescence efficiency, is sensitive at small sur-
face loadings, and thus suitable for dilute sample
suspensions, and possesses fluorescence properties
depending on environmental factors such as pH
and degree of molecular aggregation. Furthermore,
the adsorption mechanism of the probe by the
surface of interest and the specific aspects of the
interface/surface that are to be probed must be con-
sidered. Common fluorescent probes include some
organic cationic dyes, such as acridine orange,
methylene blue, proflavine, and R6G, and various
PHAs, such as anthracene, 1,2,5,6-dibenzoanthra-
cene, perylene, BaP, pyrene, and various cationic
pyrenyl derivatives.
Advantages of the fluorescence method are:

1. The possibility to study aqueous colloidal sus-
pensions noninvasively, i.e., without the need to
stop the reaction or separate the solid and liquid
phases.

2. The great analytical sensitivity that makes it
possible to detect very small concentrations of
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sorbed probes in hydrated clay suspensions in
conditions approaching those existing in natural
environments.

3. The ability of one probe species to provide mul-
tiple types of information on the colloid-
solution interface under study.

4. The possibility of exploring reaction rates con-
tinuously across wide time scales ranging from
minutes to microseconds.

5. The study of events occurring on nanosecond
time scales using time-resolved fluorescence
decay measurements.

However, limitations in using fluorescence spec-
troscopy to study mineral systems include excessive
light scattering by dense colloidal suspensions and the
attenuation of fluorescence of probe species sorbed at
the mineral-solution interface by quenching cations,
mostly Fe* " ion located within the crystal structure or
on the surface of clay minerals. The use of fluores-
cence is therefore restricted to suspensions of clays
‘Fe-free’ or containing relatively small amounts of
structural Fe(r1r).

Structural Quenching

The fluorescent probes #ris(2,2'-bipyridine) Ru(1i)
and tris(2,2'-bipyridine) Cr(111) are more strongly
quenched by absorption on to Na-saturated Wyo-
ming montmorillonite than on to a synthetic mont-
morillonite containing Cr(111) in the octahedral layer
and hectorite. Furthermore, Fe(mr) and Cr(1m) in
octahedral positions are more effective quenchers
than Fe’" and Cr’" residing on the interlayer ex-
change sites. Similarly, octahedral Cu(1) contained
in a synthetic hectorite exhibits a greater quench-
ing efficiency than exchangeable Cu®" for the
adsorbed fluorophore [4-(1-pyrenyl)butyl] trimethy-
lammonium (PN4). These effects can be ascribed to
the close association of the adsorbed fluorophore
with the siloxane ditrigonal cavities on the clay
surfaces.

Fluorescence quenching can also be used to deter-
mine the location of a fluorescent species at the min-
eral-water interface and its partitioning into mineral
micelles. For example, the inorganic fluorophore
Ce’ " is shown to occupy preferentially ion exchange
sites within the tubules of imogolite. The fluorescent
probe pyrene is readily quenched by both polar and
nonpolar quenchers when it is located at the water—
clay micelle interface, whereas it is not quenched by a
polar quencher such as Cu?" when it resides in the
nonpolar interior of the micelle. However, pyrene
fluorescence can be readily quenched by a nonpolar
quencher that can also be dissolved within the interior
of the micelle.

Adsorption of Organic Chemicals to
Mineral Surfaces

Fluorescence polarization has been used to study the
adsorption of several PAHs, including anthracene,
pyrene, perylene, 1,2,5,6-dibenzoanthracene, BaP,
and chrysene, on to aqueous colloidal kaolin. In all
cases a distinct decrease in fluorescence anisotropy is
observed as a function of PAH concentration, which
implies an RRT considerably greater at small than
at large concentrations. These results suggest that,
at small concentrations, most PAH molecules are
adsorbed on colloidal kaolin, and their motion in
solution is hindered. With increasing concentration
the surface saturation of the colloid is reached, and
additional molecules are no longer adsorbed and
remain ‘free’ to rotate, leading to the decrease in
fluorescence anisotropy. Furthermore, adsorption
kinetics studies indicate that adsorption occurs within
the first few minutes of contact.

Electrofluorescence polarization spectroscopy has
been used to measure the polarization of aqueous
suspensions of sepiolite, attapulgite, and hectorite
particles tagged with a range of dye molecules of
differing sizes and charges and oriented in an applied
electric field. Data obtained make it possible to infer
the different possible binding sites of the dye to the
clay. For example, cationic dyes are bound pre-
dominantly within the channels of sepiolite rods,
whereas no effect is observed with either attapulgite
or hectorite.

Surface Acidity

Fluorophores that exhibit pH-dependent fluores-
cence can be used to probe clay surface acidities and
protonation of organic molecules at the clay—solution
interface. For example, the emission spectra of quin-
oline on to Na-hectorite indicate the presence of sur-
face-adsorbed quinolinium ions in the pH range 3-9.
The protonation of quinoline can be ascribed to spe-
cific acidic sites at the mineral-water interface and/or
to the strong ion exchange capacity of quinolinium
ions. Furthermore, characteristic emission spectra
of diprotonated proflavine are observed when the
monoprotonated form is added to suspensions of
Na-saturated montmorillonite, Wyoming bentonite,
or barasym.

In some cases, fluorescence spectra can be used to
infer the presence of both protonated and unproto-
nated species on the clay surface. For example, ami-
nopyrene sorbed to colloidal silica exhibits both the
largely structured emission spectrum of protonated
aminopyrene and the broad, featureless emission of
neutral aminopyrene, which indicate the presence on
the surface of both species, the protonated one on the



50 FLUORESCENCE SPECTROSCOPY

Fluorescence (arbitrary units)

500 550

Wavelength (nm)

450

9100

600

Figure 12 Effect of concentration on the emission spectra
of acridine (a, 16umoll™"; b, 65umoll™"; ¢, 99 umoll™"; d,
122 ymol I=") on hectorite suspension (115mg1~") at pH 8.8. Re-
produced with permission from Traina SJ and Chattopadhyay S
(1996) Spectroscopic methods of characterization surface-sorbed
organic contaminants: applications of optical, electronic meas-
urements. In: Sahwney B (ed.) Organic Pollutant in the Environment,
vol. 8, pp. 173-197. Boulder, CO: Clay Minerals Society.

more acidic sites, and the neutral one on the less
acidic sites. Fluorescence emission spectra of acridine
sorbed on to Na-hectorite at a pH value well in excess
of acridine pKj, (e.g., at pH 8.8) (Figure 12) show
that, at very small acridine loadings, the dominant
surface species is the acridinium ion, which indicates
protonation promoted by the surface even at pH 8.8.
At large acridine loadings, the two main components,
71=40ns and 7 =9ns, of the fluorescence decay
spectra of acridine adsorbed on hectorite would indi-
cate sorption of both the acridinium ion and neutral
acridine, possibly by aggregation of neutral acridine
molecules on the surfaces of adsorbed acridinium
ions. Regardless of the total acridine concentration,
suspensions at low pH values (e.g., 4.5) result in
spectra of the acridinium cation only.

Polarity of Mineral Surfaces

The great sensitivity of some fluorescent probes to the
surrounding solvent polarity can provide information
on the presence of polar and nonpolar regions on
mineral colloid surfaces. The significantly smaller
value of the ratio of fluorescence emission intensities
at A=372 to A=391nm (1/111 ratio) of pyrene ad-
sorbed to an air-dried Na-saturated laponite, with
respect to that of aqueous pyrene solutions, indicates
that, at small moisture contents, pyrene can be sorbed
to low-polarity regions of the clay siloxanic basal
planes. However, further dehydration of the clay

causes an increase of the 1/111 ratio above the value
of aqueous pyrene, which indicates the existence of
an interfacial region that is more polar than bulk
water.

The large 1/111 emission ratios of pyrene, [3-(1-pyr-
enyl)propyl]trimethyl ammonium (PN3), and 8-(1-
pyrenyl)octyl ammonium (PN8), adsorbed on to
laponite from water and methanol solutions, confirm
that the charged regions of the interlamellar surfaces
of clay particles are largely polar. In contrast, the very
small 1/111 ratios observed when the fluorescent
probes are sorbed on to clays coated with alkyl-
ammonium surfactants indicate that they reside in
less polar environments in forms strongly associated
to the adsorbed surfactants.

Organic dye molecules can also alter the apparent
polarity of clay mineral surfaces. For example, the
comparative analysis of the 1/111 emission ratios of
aqueous pyrene alone and added with quinoline in
the absence or in the presence of clay particles indi-
cates the direct sorption of pyrene molecular clusters
to quinolinium-coated hectorite surface.

Molecular Distribution, Conformation,
Aggregation, and Mobility

Excitation spectra and fluorescence lifetime measure-
ments show that adsorbed PN4, PN3, and PNS§ cat-
ionic probes tend to cluster on the surfaces of
hydrated clay minerals with formation of fluorescent
dimers, i.e., excimers. The time-dependent decrease
of excimer emission from the PN3 probe, which is
observed upon its addition to aqueous suspensions of
Na-saturated hectorite, laponite, or montmorillonite,
is attributed to the initial adsorption of the probe to
exterior, nonhomogeneous clay sites in the form of
aggregates or hydrophobic micelles exhibiting large
excimer fluorescence, followed by migration of the
probe to interlayer sites with a decrease in the total
amount of fluorescent excimers. The addition of Ca**
ions to the above-described systems increases the ex-
cimer fluorescence intensity immediately after ad-
sorption by inducing flocculation of clay particles
and increasing the concentration of PN3 probes
on the exterior surfaces. Subsequently, PN3 cations
migrate into the interlayers of the more floccu-
lated Ca”"-clays, thus decreasing their mobility and
excimer emission intensity.

The distribution of pyrenyl cations on clay surfaces
can be altered by the presence of other organic cations
such as alkylammonium surfactants. For example,
PN4 cations can be ‘solubilized’ into the surfactant
hemimicelles and form clusters that are dispersed
and more homogeneously distributed on the clay
surface. This results in increased PN4 mobility and
the corresponding reduction of excimer emission.
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Increases of the chain length of the alkylammonium
surfactant produce a further decrease in excimer
emission.

The effect of pH on the interfacial conformations
of polymeric, polyelectrolytic macromolecules, such
as pyrene-labeled polyacrylic acid (Py-PAA), can be
studied by analyzing the ratio of the Py-PAA mono-
mer emission to the excimer emission both in solution
and adsorbed to alumina in aqueous suspension.
When Py-PAA is adsorbed on to alumina at pH 8,
and the solid is separated from the aqueous phase
and then resuspended in a pH 4.8 solution, no change
in the excimer emission intensity is observed. This
result suggests that the polymer is adsorbed in the
uncoiled, linear conformation and remains uncoiled
independent of the pH value of the surrounding
medium, i.e., no conformational change occurs as a
function of pH. In contrast, when Py-PAA is adsorbed
on to alumina at pH 4.7, and the particles are separ-
ated and then resuspended at pH 8, a decrease in
excimer emission intensity is measured. This indicates
the occurrence of some uncoiling of the adsorbed
polymers. This means that coiled polymers loosely
bound to alumina surface at low pH can undergo
some conformational reorganization when exposed
to a higher pH.

Fluorescence emission spectroscopy shows great
promise for studying the molecular organization of
other polymers, such as HAs and FAs, at interfacial
mineral-solution regions. However, confirmation of
fluorescence results is generally required by the use of
one or more additional techniques, such as NMR.

Biochemical Transformations on Clay Surfaces

Bacterial degradation of quinoline in suspensions
of hectorite has been studied by fluorescence spec-
troscopy. At pH values well above the pKj, of quin-
oline, the only fluorescent species in the system is the
protonated quinolinium ion sorbed on to hectorite
surfaces. The concentration decrease of adsorbed
quinolinium can be monitored during its microbial
degradation together with the production of the me-
tabolite, 2-hydroxyquinoline. Comparison of degrad-
ation rates in the presence and absence of hectorite
suggests that desorption of adsorbed quinolinium ion
is the rate-limiting step in the bacterial degradation of
quinoline.

Ligand-Promoted Mineral Dissolution

Direct evidence can be provided for the formation of
fluorescent inner-sphere complexes between Al*"
ions and 8-hydroxyquinoline-5-sulfonate at the Al
oxide-water interface. Fluorescence measurements
show that the concentration of the surface complex
is constant during long-term dissolution of the oxide,

which indicates that the oxide surface is continu-
ously regenerated during dissolution; this confirms a
surface-controlled process of mineral dissolution.

List of Technical Nomenclature
A wavelength

Nem emission wavelength

Nexc excitation wavelength

AN wavelength difference

D, O fluorescence efficiency, or quantum yield

T fluorescence lifetime

q photon output of the source

A absorbance

€ molar absorptivity

b path length of the cell

I fluorescence intensity

I fluorescence intensity in the parallel
plane

N fluroscence intensity in the perpendicu-
lar plane

P polarization
molar concentration

K, conditional stability constant

C. complexing capacity

Ko adsorption coefficient normalized to
organic carbon content

[0} quenching of fluorescence quantum
yield

Xe fraction of binding sites occupied

nm nanometer

Al association index

ASV anodic stripping voltammetric

BaP benzo(a)pyrene

DOM dissolved organic matter

EEM emission—excitation matrix

EPR electron paramagnetic resonance

FA fulvic acid

FCS fluorescence correlation spectroscopy

FZI fluorescence zone integration

HA humic acid
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HS humic substances

IR infrared

ISE ion-specific electrode

MW molecular weight

NMR nuclear magnetic resonance

PAH polycyclic aromatic hydrocarbon

PN3 [3-(1-pyrenyl)propyl]trimethylammo-
nium

PN4 [4-(1-pyrenyl)butyl]trimethylammo-
nium

PNS 8-(1-pyrenyl)octylammonium

Py-PAA pyrene-labeled polyacrylic acid

R6G rhodamine 6G

RRT rotational relaxation time

UMC uncorrected matrix correlation

See also: Clay Minerals; Fourier Transform Infrared
Spectroscopy; Heavy Metals; Organic Matter: Prin-
ciples and Processes; Interactions with Metals; Pesti-
cides; Sorption: Metals; Organic Chemicals
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Introduction

It is well known that certain nutrients in gaseous form
are absorbed by plant leaves. While leaves have not
developed as extensively as roots as absorbing organs,
in the evolution from aquatic to terrestrial plants, they
have retained the ability to take up water-soluble nu-
trients. The nutrition of plants through aboveground
organs is generally regarded as a technique to supply
nutrients quickly to a target organ. This feature is par-
ticularly important for agricultural crops, which per-
form best when their nutrient demand is fully satisfied
throughout the growth cycle.

Since most foliar fertilizers can be mixed with pesti-
cides in the sprayer tank, foliar fertilization is often
part of routine cultural practices to complement
the soil-nutrient supply. In addition, for many nutri-
ents and under specific circumstances, foliar fertiliza-
tion provides nutrients to the plant with greater
efficiency than soil fertilization and hence represents
an important alternative to the latter. Foliar appli-
cation of nutrients is thus seen as a promising tech-
nique in reducing the amount of chemicals in the
environment in promoting sustainable agriculture.
Several variables influence the effectiveness of foliar-
applied fertilizers and may explain the often-reported
inconsistency in plant response to foliar nutrition.

Efficiency of Foliar-Applied Fertilizers

In order to produce a positive effect on the mineral
nutrition of plants, several requisites must be met:

1. The applied nutrients must be in an available
form for leaf absorption;

2. The applied nutrients must reach the target
organ (often leaves but also fruits);

3. The target organ should have a sufficient reten-
tion area so little is dispersed in the environment;

4. The internal leaf structure, environmental con-
ditions, and nutrient chemistry should be such
that nutrients either in ionic or in nonionic form
can penetrate the leaf cuticle and enter the
apoplast of the cells of the target organ;

5. The given nutrient should be transportable to the
target tissues if different from the intercepted
organ.

Meeting these requirements, however, does not
necessarily improve plant performance. Positive re-
sponses to foliar as well as to soil fertilization is
expected only when there is a need for any given
nutrient: if nutrient availability exceeds nutrient
demand, no response to foliar fertilizers is likely.

There are a number of situations in which foliar
nutrition can effectively replace or complement
(Table 1) soil fertilization. Because the amount of
nutrients to be supplied through the leaves is limited
by the fact that, above a certain threshold concen-
tration, foliar sprays can be toxic, foliar fertilization
can meet plant nutrient demand if the requirement for
a given nutrient is low, as in the case of microelements
(boron, copper, iron, manganese, molybdenum, and
zinc) or when soils already have adequate fertility, so
that only small additional amounts are needed. Mul-
tiple foliar applications may be needed to ensure
adequate nutrient delivery.

There is general agreement that foliar fertilization
isan efficient method to prevent or overcome tran-
sient nutrient deficiency over the vegetative and

Table 1 Major agronomic and physiology-related conditions promoting the effectiveness of foliar nutrient supply

Objective

Example

Prevent or cure transient nutrient deficiency

Bypass soil conditions limiting nutrient availability or uptake
and accelerate plant response

Increase the buildup of nutrient reserves for storage and
successive remobilization the following year

Cure or prevent nutrient deficiencies of specific organs that
occur despite optimal root uptake due to problems in
within-plant distribution of a given nutrient

Supply nutrients to plants with deep root systems when soil-
surface application of fertilizers is almost without effect

When nutrient demand exceeds root uptake rate

Unfavorable pH and conditions for root growth, including soil
temperature, moisture, and aeration

It applies to perennial plants and to nutrients that are
phloem-mobile such as nitrogen

It applies to nutrients such as Ca which move mainly through the
transpiration stream toward the leaves, leading to
calcium-related disorders in fruits, e.g., in apple and in tomato

It applies to trees, especially for nutrients such as K, Ca, or Mg,
whose penetration to root zone layer is sometimes difficult and
in general to conditions of absence of irrigation or rain
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reproductive season for both macro- and micro-nutri-
ents. These situations occur when demand temporar-
ily exceeds root uptake capacity for a given nutrient.
In highly productive plants, for example, during spe-
cific stages of the reproductive cycle, frequently leaves
suffer from a temporary nutrient deficiency. Seeds
and fruits withdraw from vegetative parts significant
amounts of nitrogen, phosphorus, and potassium
(with absolute amounts depending on the crop) at a
rate higher than that supplied by root uptake, which
often declines as a result of decreasing carbohydrate
supply to the root system. Transient nutrient defi-
ciency also occurs in perennial plants during spring,
when remobilization of nutrients from storage sites is
complete and root uptake is not sufficiently efficient
(e.g., due to low soil temperature, excess moisture, or
poor root growth) to meet plant requirements: tran-
sient deficiency for macronutrients such as nitrogen
or micronutrients such as boron often compromises
fruit set when occurring during anthesis.

Foliar application is often preferred to soil fertiliza-
tion when soil constraints such as pH or calcium
carbonate limit the availability of nutrients such as
zing, iron, and manganese or when deep-rooted per-
ennial plants are grown in soils with high fixing ca-
pacity for nutrients such as potassium. The addition
of iron salts to an alkaline or calcareous soil is usually
ineffective, as soil mineral iron (often Fe oxides) is
poorly available at high pH. For high-value agricul-
tural commodities, the Fe deficiency problem is often
overcome by soil application of expensive, synthetic
Fe chelates, but foliar application of iron salts may be
almost equally effective and represents an economical
alternative where growers cannot afford Fe chelates
to cure or prevent iron deficiency. It must be stressed,
however, that if Fe deficiency persists for long
periods, and because Fe mobility in the phloem is
very low, repeated foliar applications may be needed
during active stages of shoot development to satisfy
the Fe requirement of developing leaves. Leaf appli-
cation of zinc and manganese, often as sulfate salts, is
frequently the only way to cure or prevent deficien-
cies in alkaline soils, because these micronutrients are
rapidly fixed when applied to the soil and become
unavailable to plants. If applied in high-pH soils, zinc
and manganese chelates are, moreover, not stable, as
in the case of ethylenediaminetetraacetic acid (EDTA)
and diethylenetriaminepentaacetic acid (DTPA), or
have little affinity to Mn and Zn, as ethylenedia-
mine-di(o-hydroxyphenylacetic) acid (EDDHA). The
rationale for preferring foliar application to soil fer-
tilization in optimizing micronutrient nutrition also
includes the fact that, in some types of soils, soil
supply may increase their availability from deficiency
to excess levels, producing undesired effects.

One typical example of the advantage of foliar over
soil nutrient application is related to calcium (Ca)
nutrition in fruit plants. Because this element moves
within the plant almost entirely in the xylem sap via
the transpiration stream, it tends to accumulate pref-
erentially in organs whose transpiration rate is high,
such as the leaves, with only limited partitioning to
fruits. Expanding fruits have a relatively low demand
for calcium, but, in some species of marked horticul-
tural interest, low levels of Ca in the fruit can lead to
Ca deficiency-related symptoms that compromise
fruit quality and storage life, as exemplified by bitter
pit in apple and black end-rot in tomato. As these
disorders also occur in soils well supplied with Ca and
in situations where adequate concentrations of Ca are
found in leaves, soil applications are of generally little
or no value, and prevention and cure have to rely on
direct application of Ca-based products on the fruit.

Application of Foliar Nutrients

The amount of nutrients that can enter the plant
through the foliage is a function of the amount of
nutrients retained by the leaves, which in turn
depends on (1) the total leaf area that can be wetted
by a sprayed solution and (2) its nutrient concentra-
tion. It is therefore unlikely that, before a crop
reaches a desired leaf area index (LAIL: the ratio be-
tween total crop leaf area and soil area), significant
quantities of nutrients can be provided to the plant by
foliar nutrient application.

Aqueous-based sprays are generally inefficient in
wetting and spreading over waxy leaf and fruit sur-
faces due to high surface tension (at 20°C, surface
tension at the air-water interface is 72.8 mN m™}).
Because foliar nutrients are often included in standard
pesticide sprays, they take advantage of the formula-
tion and tank additives included with the pesticide;
when they are applied alone, however, surfactants are
often added in the tank to reduce surface tension and
increase the wetted leaf area. Different volumes of
spray solution are applied under field conditions
depending on the crop and cultural practicies: for
example, in fruit tree plantations, sprayed volumes
often vary from 150 to 15001ha™". If low volumes
are adopted, e.g., to reduce the number of tank fillings
needed to spray a given crop acreage, the concentra-
tion of solution needed to provide the same amount of
nutrient per unit of area is higher than when high
spraying volumes are adopted.

When the sprayed solution reaches the leaf, the
impacting of spray droplets results either in reflection
or retention. When reflected, a droplet may be inter-
cepted by another leaf or fall to the soil. Reflection
depends in part on properties of the wetted surface:
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while no significant reflection occurs from both abaxial
and adaxial leaf surfaces and fruits of peach (Prunus
persica), the epicuticular wax of plum (P. domestica)
fruits are known to reflect marked amounts of sprayed
solution. As leaf and fruit surfaces vary widely in
morphology and fine structure (Figure 1), leaf retention
can vary from 5 to 30 ul cm 2. Reducing surface ten-
sion of the sprayed solution, while increasing leaf wet-
ting, may reduce retention and increase spray runoff if
high spray volumes are applied: the addition of surfac-
tants therefore does not always ensure high efficiency
of leaf-nutrient penetration.

Only a fraction of the nutrient retained in the
aqueous solution on a leaf’s surface after spraying is
immediately absorbed by the leaf before drying; the
remainder dries out and forms a deposit on the leaf.
Penetration also takes place from the deposit, depend-
ing on the physiochemical characteristics of the
deposit and relative humidity of the microenviron-
ment. The size and distribution of the deposits are
important features affecting the nutrient’s chances of
being taken up later. Nutrient salts have a different
point of deliquescence (POD, relative humidity level
that causes dissolution of salt residue; Table 2) but are
in general hygroscopic, so, once air humidity is higher
than POD, the residue will be resolubilized in water
and the nutrients again have a chance to penetrate the
leaf. Penetration rate, however, declines over time as

nutrient concentration in the water solution outside
the leaf also declines as a result of uptake. By the same
token, the residue is exposed to the risk of runoff if
it rains.

Mechanisms of Penetration of
Foliar-Applied Nutrients

Nutrient penetration of the leaf surface greatly de-
pends upon leaf structure and chemical composition
(Figure 2). The barrier to penetration of foliar-applied
substances is mainly represented by the several layers
of the cuticle. The outer layer, or cuticle proper, is
made up almost entirely of cutin embedded with epi-
cuticular wax, a highly hydrophobic leaf-surface
component whose primary function is preventing un-
controlled water losses. Leaf absorption is regulated
by the amount, distribution, and chemical composi-
tion of such waxes. The presence of cutin, which
contains polar groups such as polyesterified hydroxy
fatty acids, makes waxes more hydrophilic. The
cuticle inner layers are made up of hemicellulose
(polyuronides and glycans) pectinaceous substances,
proteins, and polysaccharide microfibrils that may
form a continuum from the outer surface to the epi-
dermal cell wall, like a conducting channel for polar
solutes. Cutin and occasionally waxes are also present
in the inner layers. The cuticle is separated from the

Figure 1
cherry, and (e) olive, with a trichome as inset; and (f) the fruit surface of grapefruit. (Reproduced with permission from Bukovac JM,
Cooper JA, Whitmoyer RE, and Brazee RD (2002) Spray application plays a determinant role in performance of systemic compounds
applied to foliage of fruit plants. Acta Horticulturae 594: 65-75.)

Scanning electron micrographs of the adaxial leaf surfaces of (a) apple and (b) pear; abaxial surfaces of (c) pear, (d) sweet
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Table 2 Physical properties of selected inorganic salts for foliar nutrition

Salt POD (%) Solubility (gkg H-0~") Molecular weight (g mol~")
CaCl, - 6H,0 33 2790 219
MgCl, - 6H,0 33 1670 203
K5COj3 - 2H,0 44 1469 174
Ca(NOg), - 4H,0 56 6600 236
Mg(NO3), - 6H,0 56 1250 256
NH;NO3 63 1183 80
KCI 86 344 75
K;HPO, 92 167 174
KH,PO, 95 33 136
KNO3 95 133 101
Calcium propionate - H,O 95 490 204
Calcium lactate - 5H,0 97 31 308
Calcium acetate 100 374 158
FeCl3 - 6H,0 44 919 270
Fe(NO3)3 - 9H,0 54 1500 404
Mn(NO3), - 4H,0 42 426 251
MnCl, - 4H,0 60 1510 180
ZnNOj3 - 6H,0 42 1843 297

POD, point of deliquescence.

Reproduced with permission from Schénherr J (2002) Foliar nutrition using inorganic salts: laws of cuticular penetration. Acta Horticulturae 594: 77-84.
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Cuticule proper

Cuticule layers

Pectin layer
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Figure 2 Leaf surface is a mix of wax (jagged symbols), cutin (triangles), pectin (dots), and cellulose (dashed line) arranged in
different layers. The hydrophilic fraction (pectin) may form pores that allow a faster penetration of water-soluble compounds.

underlying epidermal cell wall by a pectic layer. Be-
cause of its chemical composition, the cell wall does
not represent a major barrier to nutrients.
Penetration of substances through the cuticle is a
diffusive process. Sprayed water solutions adhering
to the cuticles have a concentration higher than the
water that saturates the apoplastic space, and this
concentration gradient represents the main driving
force promoting diffusion into the leaf. The mecha-
nisms of cuticle penetration of inorganic salts differ
from those of apolar (nonionic) compounds: most
foliar-applied fertilizers are inorganic salts, but non-
ionic products such as urea and synthetic chelates
of metal micronutrients or weak acids such as boric
acid are also on the market as foliar fertilizers. The
penetration of nonionic compounds is best described

as diffusion through the cuticle itself: solute mobility
decreases with increasing molar volume and increases
with temperature, which enhances the fluidity of
amorphous cuticular waxes.

Since inorganic salts are strong electrolytes, when
dissolved in water they are highly dissociated and
surrounded by water molecules that form hydration
shells. Nutrients deriving from inorganic salts are
thus highly soluble in water but practically insoluble
in lipidic phases such as cutin and cuticular waxes.
Unlike nonionic compounds, direct ion diffusion
through the cuticle does not occur; hydrated ions
require aqueous diffusion paths across the cuticle
that are provided by the aqueous pores formed by
the hydration of polar groups in the cutin (COOH-,
OH-, and ester groups). The radius of aqueous pores
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varies depending on plant species and external condi-
tions: mean values of less than 1 nm and densities in
the range of 10'° pores cm ™2 are reported.

Aqueous pores swell or shrink depending on hu-
midity levels, being more open for penetration of
water and solutes when high levels of humidity cause
cuticle swelling. The diffusion of ions through the
cuticle is inversely related to the radius of the hydrated
ions. While most studies on cuticular penetration have
been carried out using astomatous cuticular mem-
branes, cuticular penetration from peristomatal
regions is particularly efficient due to the higher per-
meability of cuticle over stomata in comparison with
astomatous areas. In addition, stomata guard and
accessory cells often present an abundant density of
channel pores, a fact explaining, at least in part, the
positive correlation between penetration rate and
stomata density.

Nutrients may also enter the leaf directly through
the stomata, but the relative importance of stomata
for total leaf nutrient penetration is still a matter of
debate. In many plant species, trichomes also repre-
sent areas where the entry of nutrients is facilitated
because of their low cutinization. Accumulation of
sprayed nutrients underneath fruit lenticels has also
been reported, suggesting that lenticels represent a
preferential penetration pathway in some fruits.

Factors Affecting Cuticular Penetration

Cuticular penetration of nutrients is mainly affected
by three groups of factors: the genotype of the plant,
the environment, and the application techniques.
Among genetic factors, leaf anatomy and chemical
composition of leaf surface, a peculiarity of different
plant species, influence droplet reflection. Generally
speaking, reflection is positively related to the level
of epicuticular waxes and adversely related to the
number of hairs, which accounts for the fact that
young leaves are usually more efficient in spray reten-
tion and in absorbing nutrients than old leaves. In
particular, surface microstructures leading to micro-
roughness is the critical factor in reducing reflection.
Leaves of species having stomata only on abaxial leaf
surfaces show a preferential uptake of nutrients from
this surface rather than from adaxial surfaces.

Environmental factors affect leaf cuticle absorbtion
of nutrients in different ways. Air humidity improves
cuticular penetration of hydrated ions by reducing
the hydrophobic properties of the cuticle surface, by
causing cuticle swelling, by delaying droplet drying,
and by maintaining deposits in hydrated form and/or
redissolving the deposit of salts. As salts differ in their
POD (Table 2), in windy and dry areas salts with low
POD are preferred for foliar application.

Light also increases rates of leaf nutrient uptake, an
effect depending on the high permeability of cuticular
membranes over the guard cells of the open stomata.
High light intensity, however, is not a favorable con-
dition for foliar uptake, as it may increase cuticle
thickness and the amount of cuticular waxes, as dem-
onstrated in different species of Brassica and Prunus
and in some cereals; this might also explain the higher
specific absorption rate recorded in spring than in
summer. While not affecting ion penetration, increas-
ing temperature, within a certain range, promotes the
movement of apolar solutes through cuticle, an effect
depending on the fluidity of waxes.

The addition of surfactants to the sprayed solution
improves leaf wetting by lowering the surface tension,
thereby increasing the contact between the liquid and
the leaf surface. A liquid having a surface tension
lower than 15-20 mN m ™' penetrates spontaneously
through leaf stomata. Surfactants able similarly to
reduce surface tension show varying effectiveness,
depending on other intrinsic properties: in the case
of CaCl, (the most widely adopted salt for preventing
Ca-related physiological disorders in fruits), wetting
agents such as alkyl-polyglucosides at a concentration
of 0.2 g1~ improve the penetration rate by a factor of
12, whereas protein-based surfactants and sodium
EDTA (a synthetic chelate) reduce the penetration of
CaCl,. In some cases, surfactants may be toxic also,
as has been demonstrated for fluorocarbon polymers
and octylphenoxy polyethoxyethanol.

For nonionic foliar fertilizers, the rate of penetra-
tion is increased by plasticizers (such as tributyl phos-
phate and diethyl sebactate), which cause an increase
in fluidity of amorphous cuticular waxes, an effect
similar to that of increasing temperature.

The penetration velocity of ions reaching the
leaf surface is usually highest initially then tends to
level off over time. Experimental studies carried out
with isotopes, which allow a high accuracy of
determination, indicate that the half-time of penetra-
tion of ¥*Ca(NO;), (6g17") in pear leaf disks is 18 h,
while most salt-derived Ca is absorbed in less than
100 h. In the case of N, urea is taken up faster than
other N salts (i.e., KNO3) because of its apolar
nature. The penetration half-time of urea-">N in fruit
tree leaves (such as apple, grapefruit, and red rasp-
berry), is approximately 30-50h, and as much as
90% of the retained urea-N is found in leaves after
5 days. The effectiveness of foliar penetration also
depends on salts: for example, apple leaves absorb P
according to the following array: H3PO4 > K,HPO,
> NaH,PO,4 > KH,PO, > Ca(H2PO4)2.

The pH of the sprayed solution affects the rate of
penetration depending on plant species and spray sol-
ute. A large range of pH (2-10) has been investigated:
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Table 3 Compounds often used for foliar fertilization with correspondent application rates

Nutrient Compound Nutrient concentration (%) Compound rate (kgha™") Compound concentration (g!~")

B Boric acid (H3BOg) 10 3-12 0.6-1.5
Polyborate (Nay;B405) 20 3-6 0.6-1

Ca CaCl,-2H,0 27 2-5 2-3.5
Ca(NOs3), - 4H,0 15.5 4-8 5-6

Fe FeSO, 37 0.75-2 0.5-1.5
FeDTPA/EDTA 4-6 3-5 3

Mg MgSO, - 7H,0 9.6 7.5-15 5-12
MgCl, - 6H,O 25 1.5-4.5 1-3
Mg(NO3), 16 4.5-9 3-6

Mn MnSO4H,0 32.5 1-3 0.5-2

N Urea (CO(NH,),) 46.6 2.5-15 2-40
NH4NO3 26-27 4 2-4
KNO3; 13 7.5 5
Ca(NOs3), - 4H,0 13 7.5 5

P NH4PO, 26.6 0.5-1 0.5
KH,PO, 22.7 1-1.5 0.6

K KH,PO, 29 10 8-10
KNO3; 38.7 7.5 5-8

Zn ZnSO, 58 0.3-2 1-2
ZnCl, 50 0.4-2.4 1-2
ZnEDTA 2.5 0.6-1 0.6-0.8

DTPA, diethylenetriaminepentaacetic acid; EDTA, ethylenediaminetetraacetic acid.

low pH values are considered optimal for metal ions
(Zn), intermediate values (5.4-6.6) for urea, while
high values (7-10) are the optimum for potassium
phosphate.

The volume of spray solution (and consequently the
concentration of the applied nutrients) can affect the
rate of cuticular penetration. Generally, higher volume
(i.e., 1000-15001ha~") increases the wetting period
and delays the time of deposit formation. Low volume
may be preferred when surfactants are added to the
spray solution; in this case the nutrients retained will
have a higher concentration and the deposits will be
more uniformly distributed on the leaf. Experimental
data for commercial apple trees show a higher uptake
rate of urea-N at a concentration of 2 g of urea 17!
compared with 20 g1~ " and 40 g1, A list of selected
compounds suitable for foliar application is reported
in Table 3.

Plant Use of Foliar-Applied Nutrients

Once nutrients have penetrated the cuticle and
reached the apoplast of the external mesophyll cells,
they must cross the plasma membrane, because, with
some exceptions, it is within the cytosol that they play
their role in plant metabolism. Crossing the plasma
membrane for nonelectrically charged molecules such
as urea is likely to be a simple diffusion, driven by
the higher apoplastic concentration. In the cytosol,
the urea is quickly hydrolyzed by urease and the
resulting ammonium metabolized in the glutamate—
oxoglutarate aminotransferase (GOGAT) pathway.

When a mineral ion derived from foliar application
reaches the free space of mesophyll cells, it presum-
ably mixes with nutrients already present derived
from internal storage remobilization or root uptake.
Anions and cations cross the plasma membrane via
transporters or via channels. The uptake of a given
ion into the cell lowers its concentration in the apo-
plast and increases the concentration gradient across
the cuticle, resulting in higher nutrient penetration.

Some physicochemical characteristics of the apo-
plast are very important for entering the cytosol:
iron, for example, is mainly present in the apoplast
in its oxidized state, Fe(Ill), while it crosses the
plasma membrane only after being reduced to Fe(II),
a process greatly affected by pH and the organic acid
concentration of the apoplast; if the iron is not re-
duced, it accumulates in the apoplast. The effective-
ness of a foliar-applied iron compound is thus highly
dependent upon the conditions affecting leaf uptake.
Lowering the pH of a spray solution makes the inacti-
vated iron pools in the apoplast available for uptake
and may cause regreening of iron-deficient leaves.

The fate of foliar-applied nutrients that are mobile
in the phloem is not limited to the leaves, where the
absorption process takes place, as other plant organs
such as reproductive or storage structures benefit
from foliar supply. Nutrients vary as to their phloem
mobility, being higher for nitrogen (as amino acid), K,
and P than for Fe, Ca, and Mn. Phloem mobility
also depends on plant characteristics: for boron, tradi-
tionally considered phloem-immobile, a significant
phloem mobility is found in plants using sugar
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alcohols, such as sorbitol in apple, for phloem trans-
port of C. The amount of foliar-absorbed nutrients
subsequently exported to other plant organs may
differ according to the physiological stage of growth
and the presence of major sinks. In perennial decidu-
ous plants, when leaves represent sources of N and
storage organs represent major sinks, a significant
proportion of N (80-87% in cherry and 50-60% in
apple and peach) derived from foliar sprays is trans-
ported to the rest of the tree before leaf senescence
occurs, and most of this can be recovered in winter in
the root system. Nitrogen absorbed by leaves from
sprays applied in the spring and summer is exported
at varying rates depending on the N demand of newly
developing leaves and reproductive organs.

List of Technical Nomenclature

2

mlem™ Leaf retention

degrees Celsius ~ Temperature

-1

mN m Surface tension
percentage Point of deliquescence
relative

humidity

See also: Calcium and Magnesium in Soils; Fertilizers
and Fertilization; Iron Nutrition; Macronutrients;
Micronutrients
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Introduction

Soils harbor a large part of the world’s biodiversity.
Microorganisms such as bacteria and fungi are by
far the most dominant groups of soil organisms, in
terms of diversity, numbers, and biomass, but there is
also a large variety of micro- and mesofauna such

as protozoa (amebae, flagellates, ciliates), nematodes
(bacterivores, fungivores, omnivores, herbivores, and
predators), microarthropods, e.g., mites (bacterivores,
fungivores, predators) and collembola (fungivores and
predators), enchytraeids, and earthworms. Trophic
interactions among all these soil organisms are known
to govern major components in the global cycling of
materials, through the decomposition of soil organic
matter and the mineralization of nutrients. As these
processes determine the availability of nutrients that
are limiting to plants, the belowground food web
interactions also influence aboveground primary
productivity and carbon sequestration. In addition
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to their roles in shaping the dynamics and persistence
of many populations within the soil community, pat-
terns in the strength of the trophic interactions are
known to be crucial for the stability of communities
and hence the maintenance of biological diversity.

Trophic Structures in Soil Food Webs

Because of the large diversity of soil organisms,
soil food-web descriptions are often constructed by
adopting the functional group approach. In this
approach, species are aggregated into functional
groups according to properties that are important to
understand their role in ecosystem processes, such as
principal food source, mode of feeding, reproduction
rate, defenses against predation, or distribution in the
soil profile. Such grouping of species into functional
units has been supported by analyses of soil food
webs, indicating that the behavior of organisms
within functional groups seems more similar than
that of organisms within taxonomic units, i.e., tax-
onomy is not necessarily related to function. An
example of a functional group description of a soil
food web is given in Figure 1, referring to the below-
ground food web from winter wheat fields in a crop
rotation system at the Lovinkhoeve experimental
farm in the Netherlands. The soil food-web diagram
shows two microbial populations and six general

trophic categories of belowground fauna: predators,
fungivores, bacterivores, detritivores, herbivores, and
omnivores (i.e., consumers of animal prey and other
resources), making up five trophic levels: (1) detritus
and primary production (roots); (2) primary decom-
posers and herbivores: bacteria, fungi, phytophagous
nematodes; (3) consumers of bacteria and fungi: col-
lembola, fungivorous mites and nematodes, protozoa
and bacteriphagous nematodes, and mites; (4) inter-
mediate predators: protozoa, predacious nematodes
and predacious collembola; and (5) top predators:
predacious mites.

During the last decades of the twentieth century,
several large, multidisciplinary research programs
provided estimates of the population sizes of func-
tional groups from agricultural soils as well as from
native and forest soils (Tables 1 and 2). These data
show some interesting differences in food-web struc-
ture between agricultural soils and native and forest
soils. In most agricultural soils, the population sizes in
the soil food webs are organized in the form of
trophic biomass pyramids (Table 1), while in the
forest soils high abundances may occur at the higher
trophic levels (Table 2). Across trophic levels, below-
ground food webs are organized into compartments
of species/functional groups, distinguished on the
basis of primary energy source: (1) primary producer
(root) channel (I), and (2) the detritus channel (II),

Phytophagous
nematodes

Collembolans Predaceous
mites
Roots {
Fungivorous
mites Predaceous
- collembolans
Saprophytic
fungi \ Fungivorous
nematodes
\ Predaceous
Detritus ~ f—————— ! Enchytraeids nematodes
Bacteriophagous
nematodes

Bacteria

Flagellates

Amebae

mites

Bacteriophagous

Figure 1

The belowground food web from a winter wheat fields at the Lovinkhoeve experimental farm in the Netherlands. Species

are aggregated into functional groups, i.e., based on food choice and life-history parameters. ‘Detritus’ refers to all dead organic
material. Material flows to the detrital pool, though the death rates and the excretion of waste products are not represented in the
diagrams, but are taken into account in the material-flow calculations and stability analyses. (Reproduced with permission from
De Ruiter PC, Moore JC, Zwart KB et al. (1993) Simulation of nitrogen mineralisation in belowground food webs of two winter wheat

management practices. Journal of Applied Ecology 30: 95-106.)
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Table 1 Biomass estimates (kilograms of C per hectare) for the functional groups in agricultural food webs. Values refer to the 0- to
25-cm-depth layer, except for the Horseshoe Bend webs (0-15cm)
LH-IF LH-CF HSB-NT HSB-CT KS-B0 KS-B120

Microbes 245 228 440 690 740 900

Fungi 3.27 2.12 160 150 1500 2300
Protozoa® 20 12 40 50 110 34
Nematodes

Herbivores 0.4 0.2 0.4 0.5 0.1 0.3

Bacteriovores 0.4 0.3 0.5 1.4 0.5 0.5

Fungivores 0.1 0.1 0.1 0.1 0.2 0.1

Predators 0.1 0.1 0.4 0.4
Arthropods

Fungivorous collembola 0.38 0.47 0.3 0.1 0.2 0.2

Fungivorous mites 0.05 0.03 1.7 0.5

Predatory collembola 0.008 0.03

Predatory mites 0.09 0.06 0.2 0.04 0.2 0.3

4ncludes amebae and flagellates.

LH, arable land at the Lovinkhoeve (NL); IF, integrated farming; CF, conventional farming; HSB, arable land at the Horseshoe Bend Research Site
(Georgia, USA); CT, conventional tillage; NT, no-tillage; KS, Kjettslinge (Sweden); B0, arable land without fertilizer; B120, arable land with fertilizer

(120kgha~'yr™").

(Reproduced with permission from De Ruiter PC, Van Veen JA, Moore JC, Brussaard L, and Hunt HW (1993) Calculation of nitrogen mineralisation in soil

food webs. Plant and Soil 157: 263-273.)

Table 2 Biomass estimates (for CPER and NS, SS, D, and F in kilograms of C per hectare and for NL in micrograms per gram) for the
functional groups in natural (prairie and forest) food webs. Values for CPER and NS/SS/D/F refer to the 0- to 10-cm-depth layer

CPER NL-L NL-F NL-H NS SS D F

Microbes

Bacteria 304 290 340 264 27 25 19 62

Fungi 63 64 33 14 437 310 385 426
Protozoa® 4 130 1 5 11 22 46 30
Nematodes

Herbivores 3 0.2 0.1 0.02

Bacteriovores 6 8 1 0.5 0.7 0.14 0.3 0.4

Fungivores 0.4 2 0.2 0.2 0.2 0.07 0.1 0.1

Predators 1 1 0.2 0.1 0.2 0.07 0.2 0.1
Arthropods

Fungivorous collembola 0.5 73 4 1 2 1 8 7

Fungivorous mites 4 82 18 3 1 2 4 2

Predatory collembola 176 11 1 0.01 0.1 0.1 0.5

Predatory mites 0.4 62 25 7 0.1 0.3 0.7 0.4

4Include amebae and flagellates.

CPER, shortgrass prairie; NL, coniferous in Wekerom in the Netherlands; NL-L, litter layer; NL-F, fragmented layer; NL-H, humus layer; NS, SS, D, F,
coniferous forest in north Sweden, south Sweden, Germany, and France, respectively.

(Adapted from De Ruiter PC, Van Veen JA, Moore JC, Brussaard L, and Hunt HW (1993) Calculation of nitrogen mineralisation in soil food webs. Plant and
Soil 157: 263-273; and Schroéter D, Wolters V, and de Ruiter PC (2003) C and N mineralisation in the decomposer food webs of a European food transect.

Oikos 102(2): 294-308.)

where the latter can be split into Ila the bacterial
energy channel and IIb the fungal energy channel. In
some agricultural soils, the bacterial energy channel
dominates, for example the winter wheat fields at the
Lovinkhoeve in the Netherlands; in other soils, the
fungal channel dominates, for example the barley
fields at the Kjettslinge farm in Sweden. Also
the forest soils from the Netherlands are bacterial
dominated, while the soils from Sweden, Germany,
and France are fungal dominated. Both aspects of
trophic structure, the pyramid of biomass and the

compartmentalization of interactions and energy
flows into energy channels, are intimately related to
the stability of the system.

Trophic Interactions and Soil
Ecosystem Processes

Major soil ecosystem processes such as the decom-
position of the soil organic matter and the mineral-
ization of nutrients are the direct result of feeding and
processing of material in the soil food web. Because of
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their dominant numbers (Tables 1 and 2), microbes
are usually considered to be the most important con-
tributors to the soil processes, but the faunal groups
of organisms are also considered to contribute con-
siderably to the soil processes, despite their relatively
low densities. The contribution of the fauna to the
cycling of energy, matter, and nutrients depends not
only on their own population sizes, or rates of energy
use, but also on their ability to influence the function-
ing of the organisms with which they interact. These
influences may occur through a variety of mechan-
isms. Some faunal groups such as microarthropods
break up organic matter by feeding on detritus and by
ingesting microbes and adhering detrital material,
resulting in an increase in the surface area of the
organic matter available for microbial attack. The
dissemination of microbes is another potentially im-
portant influence of the soil fauna on decomposition
processes. Nematodes and microarthropods can pas-
sively transport bacteria, fungi, and protozoa in the
gut or on the cuticle across regions of soil that are
otherwise impenetrable to the microbiota or at
greater rates of dispersion than would otherwise be
effected. Also in this way, faunal groups can act as
catalysts by bringing primary decomposers into con-
tact with substrate. By feeding on microbes, the fauna
may affect microbially mediated degradation of the
soil organic matter by altering the composition of
the microbial community structure through selec-
tive grazing, or by affecting microbial growth and
metabolic activities by altering nutrient availability.
The predatory fauna may also affect ecosystem pro-
cesses indirectly by decreasing bacterial-feeding
nematode populations and subsequently allowing
bacterial populations to increase.

Food Web Models

In order to analyze the role of soil food webs and
functional groups of soil organisms in soil ecosystem
processes, a Detrital Food Web Model has been de-
veloped wherein C and N mineralization rates are
derived from the feeding rates among the trophic
groups using basic elements of the life histories and
behaviors of the organisms, and the laws of thermo-
dynamics and conservation of matter. The model was
originally developed to analyze N flow rates in the
food web from the shortgrass prairie at the Central
Plains Experimental Range (Colorado, USA); later it
was applied to other soil food webs (see legends to
Tables 1 and 2).

The model calculates the feeding rates by assuming
equilibrium, i.e., annual growth rates of the popula-
tions balance the annual natural death rates and the
death rates due to predation:

_ diBj +P;

F.
: a;p;

[1]
where F; is the feeding rate of group j, dj is the specific
death rate of group j, B; is the annual mean popula-
tion size of group j, P; is the death rate of group
j due to predation, g; is the assimilation efficiency
of group j, and p; is the production efficiency of
group j. If a predator is considered to feed on
more than one prey type, then both the preference
of the predator for a given prey and the relative
population sizes of the prey types are taken into ac-
count:
wiiB;
Fij = 5——— 2]
> wiBy
k=1

where F; is the feeding rate by group j on prey i, w;; is
the preference of predator j for prey i relative to other
prey types, and 7 is the number of potential prey
types. The model starts calculating the feeding rates
of the top predators, because their losses only consist
of natural death. Next, the feeding rates of the groups
one trophic level below the top predators, whose
losses consist of natural death and death due to pre-
dation by the predators, are calculated. This proced-
ure is continued working back throughout the web to
the lowest trophic levels. C and N mineralization are
derived from the feeding rates:

Cij = a;(1 — p))Fj 3]

(PR
Nl] - al <CN1 CNj>Fll [4]

where Cj is the C mineralization rate by group j
feeding on group i, Nj; the N mineralization rate by
group j feeding on group i, and CN; and CN; are the
C to N ratios of group i and j, respectively. The model
requires data for population sizes, specific death rates,
energy conversion efficiencies, preference weighing
factors, and C to N ratios. Population sizes are to be
established for the particular sites, while most values
for the physiological parameters can be derived from
the literature, sometimes in combination with adjust-
ments based on the specific environmental conditions.
The model provides estimates of the C and N mineral-
ization per trophic interaction, per trophic group and
of the community as a whole. In some cases the calcu-
lated overall mineralization rates can be compared
with observed rates.

The outcome of the calculations in terms of their
contribution to N mineralization rates (Tables 3
and 4) show a similar pattern to the population sizes
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Table 3 N mineralization rates (kilograms per hectare per year) of the functional groups in the different food webs. Values refer to
the 0- to 25-cm-depth layer, except for the Horseshoe Bend webs (0-15cm)

LH-IF LH-CF HSB-NT HSB-CT KS-B0 KS-B120

Microbes

Bacteria 52 40 97 137 37 20

Fungi 1 0.8 15 13 19 24
Protozoa® 57 35 115 144 54 16
Nematodes

Herbivores 0.2 0.1 0.1 0.1 0.004 0.06

Bacteriovores 0.9 0.9 0.9 2 2 2

Fungivores 0.08 0.06 0.05 0.03 0.3 0.2

Predators 0.06 0.07 0.3 0.3
Arthropods

Fungivorous collembola 0.2 0.2 0.1 0.03 0.4 0.4

Fungivorous mites 0.02 0.01 0.6 0.2

Predatory collembola 0.01 -

Predatory mites 0.03 0.02 0.08 0.01 0.1 0.2

4Include amebae and flagellates.
(Reproduced with permission from De Ruiter PC, Van Veen JA, Moore JC, Brussaard L, and Hunt HW (1993) Calculation of nitrogen mineralisation in soil
food webs. Plant and Soil 157: 263-273.)

Table 4 N mineralization biomass estimates (for CPER and NS/SS/D/F in kilograms C per hectare per year and for NL in micrograms
per gram per year) for the functional groups in natural (prairie and forest) food webs. Values for CPER and NS/SS/D/F refer to the 0- to

10-cm depth layer

CPER NL-L NL-F NL-H NS SS D F

Microbes

Bacteria 45 —120 —-20 -10 -1 —24 —14 —32

Fungi 8 150 30 5 2 13 46 30
Protozoa® 12 300 20 10 10 37 71 61
Nematodes

Herbivores 1 0.1 0.1 0.1

Bacteriovores 13 30 3 1 0.3 0.1 0.1 0.2

Fungivores 0.2 2 0.1 0.1 0.01 0.00 0.00 0.00

Predators 0.4 2 0.4 0.1 0.01 0.00 0.00 0.00
Arthropods

Fungivorous collembola 0.2 0.1 0.1 0.1 0.2 0.2 0.7 0.7

Fungivorous mites 0.8 10 3 0.3 0.06 0.2 0.2 0.3

Predatory collembola 0.003 - — - 0.00 0.00 0.03 0.2

Predatory mites 0.1 100 30 10 0.03 0.1 0.2 0.1

4nclude amebae and flagellates.

(Adapted from De Ruiter PC, Van Veen JA, Moore JC, Brussaard L, and Hunt HW (1993) Calculation of nitrogen mineralisation in soil food webs. Plant and
Soil 157: 263-273; and Schréter D, Wolters V, and de Ruiter PC (2003) C and N mineralisation in the decomposer food webs of a European forest transect.

Oikos 102(2): 294-308.)

(Tables 1 and 2). While in agricultural soils, bac-
teria are usually the most important contributors
to N mineralization; in forest soils the model indi-
cates N immobilization by bacteria, due to the low
N content of soil organic matter in these soils
(Table 4). The calculated N mineralization rates per
functional group confirm the expectation that the
contribution of faunal groups can be high relative to
their contribution to the soil biomass. For example,
while microbes may constitute more than 90% of the
total soil biomass, the contribution of the soil fauna
to N mineralization can exceed that of the microbes
(Figure 2).

For some soil food webs, the calculated overall
mineralization rates can be compared with observed
rates. This verification shows that the model
calculates C and N mineralization rates close to
the observed rates for the winter wheat fields at
the Lovinkhoeve farm and for the barley fields at the
Kjettslinge farm (Table 5). For the fields at the
Horseshoe Bend research site, the calculated
C mineralization rates are close to the observations,
but the calculated N mineralization rates are higher
than the observed rates. The verification of C and
N mineralization rates in the coniferous forest layers
in Wekerom in the Netherlands reveals that the
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Figure 2

Interaction strengths (per year) along trophic level in the food web from a winter wheat field at the Lovinkhoeve experi-

mental farm in the Netherlands, serving as a representative example. (Reporduced with permission from De Ruiter PC, Neutel AM, and
Moore JC (1995) Energetics, patterns of interaction strengths, and stability in real ecosystems. Science 269: 1257-1260.)

calculated rates show a similar pattern in differences
between the litter, fragmented, and humus layer. For
the litter layer, the model underestimates C mineral-
ization by a factor of 2, while for the fragmented and
humus layer the model calculates rates close to the
observed rates. The calculated N mineralization
rates in the litter layer accounts for 85% of the ob-
served rate, while for the fragmented and humus
layers this is 50% and 30%, respectively.

Despite the fact that the calculated rates are some-
times close to the observed rates, the model estimates
always have to be treated with caution. First, because
the model results rely on parameter values that are
relatively uncertain, for example the C to N ratio of
the substrate for the microbes and the microbial death
rates. Second, the indirect effects are only partly
taken into account. The model formulations address
the stimulatory effects of grazing on microbial

growth rates, but other mechanisms behind the indir-
ect effects are at most implicitly taken into account by
using observed biomass estimates as input param-
eters. Despite these weaknesses, the Detrital Food
Web Model is regarded as a useful tool in analyzing
and understanding the role of the soil food web in soil
mineralization processes.

Trophic Interactions and the Dynamics
and Stability of Soil Populations and
Food Webs

Trophic interactions are likely to affect the distribu-
tion and abundance of organisms in fundamental
ways, since the success of populations is largely a
function of benefits derived from the acquisition of
energy (and nutrients) and losses derived from preda-
tion. Food web descriptions of the soil community
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Table 5 Comparison of the overall C and N mineralization rates (kilogram per hectare per year) as calculated by the food web model
with reference values of C and N mineralization published for the different webs

C mineralization N mineralization

Simulated Reference value Simulated Reference value
LH-IF 1890 1690 119 977
LH-CF 1270 1430 78 707
HSB-NT 3970 4800 242 160° 90°
HSB-CT 4800 5200 300 200° 100°¢
KS-B0O 1990 1700 120 709 80°
KS-B120 1660 1700 70 809 90°
CPER 1690 - 87 -
NL-L 25 50 0.7 0.85
NL-F 5 5 0.1 0.2
NL-H 2 2 0.02 0.06
NS 770 - <1 -
SS 1500 - 30 -
D 2800 - 100 -
F 2600 - 60 -

40btained from in situ measurements.
bObtained from an N budget for 1978-1979.
“Obtained from an N budget for 1979-1980.
9Obtained from a simulation model.
°Obtained from an N budget.

therefore provide a way to analyze the dynamics and
persistence of the various populations in the context
of the stability of the community as a whole. Central
in analyses of the role of trophic interactions in
community stability are the interaction strengths.
Interaction strengths refer to the per capita — in
this case per biomass — effects upon one another.
The interaction strengths can be derived from the
population sizes and energy flow rates (i.e., the feed-
ing rates; see eqns [1] and [2]) by assuming Lotka-
Volterra equations for the dynamics of the functional
groups:

Xi =X bi + Z Cin]' [5]
=1

where X; and X represent the population sizes of
group i and j, respectively, b; is specific rate of in-
crease or decrease of group i, and ¢;; is the coefficient
of interaction between group i and group j. Mathe-
matically, interaction strengths are defined as the
entries of the Jacobian community matrix (c;) being
the partial derivatives near equilibrium: o= (0Xy/
0X;)*. Values for the interaction strengths can be
derived from the equilibrium descriptions by equating
the death rate of group i due to predation by group j
in equilibrium, ¢;X;X", to the mean annual feeding
rate, Fj; (eqn [2]) and the production rate of group j
due to feeding on group i, ¢;; X; X}, to a; p; F;. With
equilibrium population sizes, X}, X7, assumed to be

equal to the observed annual mean population sizes,
B;, Bj, the effect of predator j on prey i is:

F
=X =3 6]

and the effect of prey i on predator j is:

0. Fi:
a5 = CjiX]-* = —a]%' ) [7]

Estimates of the interaction strengths obtained this
way for the soil food webs reveal patterns along
trophic position, characterized by relatively strong
top-down effects at the lower trophic levels and rela-
tively strong bottom-up effects at the higher trophic
levels (Figure 2). The patterns of interaction strengths
are important to the community stability as is indi-
cated by a comparison between the stability of com-
munity matrix representations of seven soil food
webs (from the prairie and arable soils), using the
empirically based values of interaction strengths
(‘real’ matrices) and that of matrices in which these
values are randomized. The comparison shows that
matrices including the realistic patterns of interaction
strengths have a much higher level of stability than
their randomized counterparts (Figure 3).

The stabilizing patterns of the interaction strengths
are the direct result of patterns in the energetic prop-
erties of the food webs such as the population sizes
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Real matrices
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0.010.1 1 00101 1 00101 1 00101 1

0.010.1 1 0.0101 1 0.010.1 1 0.010.1 1

KS-B0O KS-B120  LH-CF LH-IF
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Figure 3 The effects of the patterning of interaction strengths on the stability of seven soil food webs from prairie and arable land.
The black fraction in the bars denotes the level of stability (percentage) based on 1000 model runs. Stability of the community matrices
is established by evaluating the signs of eigenvalues of the matrices; when all real parts are negative, the matrix is stable and the food
web is considered to be locally stable. HSB, Horshoe Bend site, arable land; CT, conventional tillage; NT, no tillage; CPER, shortgrass
prairie; KS, Kjettslinge; B0, arable, no fertilizer; B120, arable, with fertilizer; LH, Lovinkhoeve, arable; CF, conventional farming; IF,
integrated farming. (Reproduced with permission from De Ruiter PC, Neutel AM, and Moore JC (1995). Energetics, patterns of
interaction strengths, and stability in real ecosystems. Science 269: 1257—1260.)

(biomasses) and feeding rates (eqns [6] and [7]).
Therefore, when the soil biology is looked at in
terms of trophic interactions in the soil food web,
the structure of the community and the dynamics of
the soil populations become inextricably interrelated
with soil ecosystem processes and functioning.
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Introduction

Forensic scientists encounter soil both as trace evi-
dence and as a matrix in which other physical evidence
may be found. Trace evidence is the term used by
forensic scientists for the minute pieces of physical
evidence that can be transferred between the perpe-
trator and the victim of a crime, between the perpet-
rator and the crime scene, and between the victim and
the crime scene. Trace evidence is used to establish
an association among the members of the triad: per-
petrator, victim, and crime scene. To give a specific
example, suppose traces of soil are found on the
clothes of a suspect in a rape case. This soil will be
removed in the forensic science laboratory and com-
pared with known soil samples from the crime scene.
If the soil from the clothes is indistinguishable from
the known sample a positive association between the
suspect and the crime scene has been established.
Other types of trace evidence include glass, paint,
hair, fibers, gunshot residue, explosive residue, ignit-
able liquids, and biological fluids (such as blood and
semen).

The transfer of trace evidence is governed by the
Locard Exchange Principle, which states that when
two surfaces come into contact there is a mutual ex-
change of trace evidence between them. Such eviden-
tiary transfers may be primary transfers (i.e., evidence
is transferred from surface A to surface B and later
recovered from surface B) or secondary transfers,
which involve a transfer of evidence from surface A
to surface B and from surface B to surface C. Tertiary
and even higher-order transfers of trace evidence
can occur; however, these transfers present serious
interpretive problems for the forensic scientist, be-
cause the ultimate source of the trace evidence may
be impossible to identify.

Schréter D, Wolters V, and de Ruiter PC (2003) C and
N mineralisation in the decomposer food webs of a
European forest transect. Oikos 102: 294-308.

Verhoef HA and Brussaard L (1990) Decomposition and
nitrogen mineralization in natural and agro-ecosystems:
the contribution of soil animals. Biogeochemistry 11:
175-211.

Collection of Evidentiary Soil Samples

Known soil samples are collected at crime scenes, as
well as any alibi locations. At scenes of crimes, the
crime scene investigator collects soil samples from the
following locations: (1) the areas immediately sur-
rounding victims’ bodies, (2) areas adjacent to any
shoe or tire impressions, and (3) any visibly disturbed
areas. If the composition of the surficial soil horizons
varies within the crime scene areas, representative
samples of each soil type are obtained. Because crim-
inal suspects may claim that soil on their clothing
or vehicles originated from locations other than the
crime scene (e.g., homes or places of work) elim-
ination samples are also obtained from these alibi
locations. Clearly the case against a suspect is
strengthened if the soil from suggested alibi locations
does not match the questioned soil samples. Gener-
ally approximately 100 g of soil is sufficient for sub-
sequent laboratory analyses. However, if the soil at a
site contains a substantial amount of coarse material,
the mass of the known sample is increased so that an
adequate sample of the fine fraction is available for
subsequent laboratory analyses. Samples are col-
lected from only the top 5-7 cm of the surficial soil
horizon. The soil samples are placed in clean contain-
ers such as baby-food jars or Ziplok-style plastic
bags. The evidence containers are then sealed (with
evidence tape or a heat sealer) and marked for identi-
fication. Chain-of-custody forms are also initiated for
the known soil samples. The locations where the
known soil samples have been collected are docu-
mented in standard ways: through notes, sketches,
and photographs.

The collection of the questioned soil sample is a
two-stage process. First, soil from the crime scene
is transferred to clothing or vehicles; then the
transferred soil is collected at the crime scene, by a
crime scene technician, or at the forensic science
laboratory. The initial transfer at the crime scene
may not produce a representative sample of the soil
at that location; for example, clothing rarely retains
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coarse material such as gravel. Similarly the fines in a
shovel load of soil tossed into the open bed of a
pickup truck may be blown or washed away before
the crime scene investigator has a chance to collect
this evidence.

At the forensic science laboratory, trace evidence
such as soil is collected in a variety of ways. Hand-
picking with a pair of tweezers and a low-power
magnifier is used if there is only a small amount of
trace evidence, as well as collection using tape lifts
or adhesive lifters. Neither of these methods is
feasible if an item of clothing has substantial quan-
tities of soil adhering to it, but soil can be scraped
gently from an item of clothing on to a sheet of
glossy paper. Ideally, scraping should be done in a
draft-free, clean room so that air currents do not
carry away fine particulates. If an adherent soil layer
is thick the laboratory analyst has to consider the
possibility that the layer consists of multiple layers
deriving from more than one location. Therefore,
every effort is made to retain the stratigraphy of
the sample and to avoid mixing soil from different
layers. A vacuum cleaner with a special filter attach-
ment can also be used to collect soil samples; how-
ever, vacuuming is likely to destroy evidence of
stratigraphy.

Vehicles require special attention. The crime scene
investigators collect soil samples from the vehicle’s
tires and undercarriage. The interior of the vehicle
is also carefully searched, with particular attention
being paid to the pedals and floor mats. The vehicle’s
trunk (boot) is also examined for traces of soil; dig-
ging tools with adherent soil may have been placed
there.

Laboratory Analysis of Forensic
Soil Samples

The methods of soil analysis used in forensic science
are predicated on the size of the sample and the use to
which the analytical results will be put. The aim of
forensic soil analysis is to associate a soil sample
taken from an item of clothing or from a vehicle
with a specific location. In order to do this, the
methods of analysis chosen have to be able to dis-
criminate between soil samples from different
locations. Moreover, a method for comparing soil
samples has to be practical (i.e., feasible with
common laboratory instrumentation), inexpensive,
accurate, and applicable to small soil samples.
A survey of published materials on forensic soil an-
alysis reveals that this is an area that has yet to be
affected by standardization of methodology. Neither
the Scientific Working Group on Material Analysis
Techniques (SWGMAT) nor American Society for

Testing and Materials (ASTM) Committee E30 has
promulgated any recommended analytical methods.
Consequently, there is considerable variation among
forensic science laboratories in their analyses of soil
samples, but the methods employed can be placed in
three broad categories: (1) methods for comparing soil
organic content, (2) methods for comparing particle-
size distributions of soil mineral fractions, and (3)
mineralogical analysis.

Soil Organic Content

Soil Color

Soil color has been found to be the property of soil
that most reflects its pedogenic environment and his-
tory. Soil organic matter and iron oxides contribute
most to soil color. Organic matter darkens soil, while
iron oxides produce a range of soil colors that are
dependent on the oxidation state of the iron. The
most widely used method for determining soil colors
is comparison of soil samples with the color chips in
the Munsell soil color charts. In the Munsell color
system, color is expressed in terms of hue (basic
color), value (lightness or darkness), and chroma (in-
tensity of basic hue). Color determinations are ap-
plied to air-dried bulk soil samples; but more
elaborate color-determination schemes have also
been advocated. Because most of the color of a bulk
soil sample is due to the clay fraction, which contains
clay particles intimately bound to soil humus
(forming the clay—~humus complex) and clay particles
coated with iron oxides, some forensic soil analysts
have suggested basing color determinations on the
clay fraction of the soil. Other forensic soil analysts
have proposed determining the colors of the soil sam-
ple after air-drying, wetting, organic matter removal,
iron oxide removal, and ashing. The effectiveness of
these treatments in allowing color discrimination of
soils from different locations depends on the geo-
graphic origins of the soils being compared. A study
conducted in the UK by the Home Office Central
Research Establishment has found that combining
the colors of air-dried samples, moistened samples,
and ashed samples results in a high level of discrimin-
ation of soils from different locations. On the other
hand, a similar study conducted by the Japanese Na-
tional Research Institute of Police Science has found
that color determinations after a different regimen of
treatments (air-drying and moistening of bulk sam-
ples; organic matter and iron oxide removal from clay
fractions) provides the highest discriminatory power.
In the latter study, Munsell colors were converted into
x-, y-, and z-coordinates: the x-coordinate represents
the hue, with basic hues from 2.5YR to 5GY, assigned
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numerical values from 1 to 10; the y-coordinate rep-
resents the value; and the z-coordinate represents the
chroma. Color comparisons between different soil
samples are based on the Euclidean distance d* be-
tween the color coordinates of the soil samples. Pairs
of soil samples for which d*<1 were considered
indistinguishable. Using this approach, 97% of 190
pairs of soil samples from different locations were
determined to be different.

Percentage Organic Content

The soil organic content can be determined directly
by hydrogen peroxide digestion. Properties related to
soil organic content can also be examined. Soil pH is
commonly measured, although it is known to under-
go seasonal changes. Soil polysaccharide content is
compared spectrophotometrically. A Fourier trans-
form infrared (FT IR) spectrometric method for the
comparison of soil organic fractions has also been
developed. In this technique, a potassium bromide
disk is prepared from a dried, sieved soil sample.
After an FT IR spectrum is obtained, the potassium
bromide disk is ground up and placed in a muffle
furnace, where the soil organic fraction is burned
away. The potassium bromide containing the soil
mineral fraction is then reground and pressed into a
disk. A second FT IR spectrum is obtained and sub-
tracted from the first to obtain an infrared spectrum
of the soil organic fraction.

Soil Particle-Size Distributions

In most forensic science laboratories that conduct soil
analyses, particle-size distributions are determined by
passing a carefully weighed soil sample through a
nest of sieves. Both manual shaking and mechanical
shaking are used. Mechanical shakers give more re-
producible results than manual shaking; however, ex-
perimental parameters such as the torque applied to
the stack of sieves in the mechanical shaker and the
sample weight can affect the results. In general, obtain-
ing reproducible results with sieving requires careful
attention to experimental conditions. A wet sieving
method applicable to small soil samples has been de-
veloped and is claimed to give more reproducible
results than dry sieving.

The UK Home Office Central Research Establish-
ment has conducted a study to develop statistical
methods for the comparison of soil samples. Five
mock crime scenes were used: at scenes I and II, soil
was sampled adjacent to a pair of shoe prints in two
gardens; at scenes III and IV, soil was sampled adja-
cent to pairs of plants in the same two gardens; and, at

scene V, soil was sampled adjacent to tire tracks in a
rural area. The following analyses were performed:
the colors of dry and ashed (850°C for 30min)
soil samples were determined; the pH of each sample
was measured; the total polysaccharide content of
each sample was determined spectrophotometrically;
and particle-size distributions were determined for
each sample using both conventional dry sieving
and a Coulter counter for the silt fractions. The
mock crime scenes were uniform with respect to
most measures except total polysaccharide content.
The particle-size distributions were compared using
an index of variability (IV) and the maximum differ-
ence (MD). IV is the difference in the total silt or sand
content of two samples, while MD is the maximum
difference in the particle-size distributions. From rep-
licate soil samples, the means and standard deviations
of each variable were calculated and univariate confi-
dence intervals were determined. Because IVand MD
are not independent variables, better confidence inter-
vals were constructed by assuming that IV and MD
have a bivariate normal distribution with correlation
coefficient p. The variables were transformed by a
coordinate rotation to produce two normally distrib-
uted independent variables. Confidence contours
were constructed for the new variables. As a test of
this model, 153 pairs of nonduplicate soil samples
from the mock crime scenes were compared using a
95% confidence contour; 97% of the pairs were cor-
rectly identified as different.

An experiment conducted at the University of
Strathclyde, Scotland, UK, illustrates the discrimi-
nating power of particle-size measurements when
combined with percentage organic matter. A field
was divided into 100 cells each measuring 3 m x 3 m.
Samples of soil weighing 400 g were collected from
the surficial horizon in each cell. The percentage or-
ganic content was determined for each of six 1.5-g
aliquots of soil from each cell. The dried mineral
fraction from each soil aliquot was then sieved.
Three variables were selected for comparison: the
median value of the particle-size distribution, the per-
centage of particles in the 90- to 250-um size range,
and the percentage of soil organic matter. Soil samples
were selected at random from 20 of the cells and
compared with the soil samples from all 100 cells
using the z-statistic.

Suppose that the soil sample is to be characterized
by a variable X having variance o*. Measurements of
X on m soil samples taken from cell i (one of the ¢
control cells) yield a mean of <x;>. Measurements of
X on n soil samples from an unknown cell yield a
mean of <y>. The test statistic for the two means
being equal is:
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<xi>— <y>

N

The most probable cell for the origin of the soil is
the control cell for which the probability P(z;) of
obtaining at least the value of z; is maximum. If the
soil has been characterized by N independent vari-
ables X ... Xy, the most probable cell for the origin
of the soil will be that corresponding to:

2= fori=1...c 1]

max{HP]]Nl(Zi)} i=1...c 2]

Of the 20 randomly selected blind samples, 19 were
assigned to the correct control cell using the aggre-
gated P-value. For the one random sample incorrectly
assigned, the correct cell had the second-highest
aggregated P-value.

The z-statistic method is robust and applicable to
many forensic problems. However, the three variables
selected in this study may not be the best for soils
from another location, and the appropriate variables
to use may not be evident a priori. Another problem is
that statistical significance cannot be assigned to the
aggregated P-values.

A study conducted by the Japanese National Re-
search Institute of Police Science has examined the
effectiveness of particle-size distributions in distin-
guishing soil samples from different locations. In this
study the soil samples were dry-sieved and the weight
percentages of the soil fractions in the following three
size categories determined: <0.05 mm, 0.05-0.2 mm,
and 0.2-2 mm. Pairs of soil samples were compared
by computing the Euclidean distance d* between the
samples. The threshold value of d* to be used to
declare paired soil samples to be different was deter-
mined from replicate measurements on three of the
soil samples. Using this approach, 95.9% of 2628
sample pairs were correctly distinguished as different.
When the particle-size distributions were combined
with color determinations, 99.5% of the soil samples
could be correctly discriminated.

Soil Mineralogical Analysis

In the USA many forensic laboratories have relied on
density gradient separations as a useful method for
the comparison of the mineral contents of soil
samples. Typically, glass tubes are filled with a series
of liquids having decreasing densities. The tubes are
allowed to stand for several hours so that interdiffu-
sion of the layers can produce a linear density gradi-
ent. The samples to be compared are added to the
tops of separate density gradient columns and their
mineral particles allowed to settle. Mixtures of

bromoform and bromobenzene or bromoform and
acetone are used to construct the density gradients.
The mineral fractions separated in density gradient
tubes are recovered and identified by polarized light
microscopy or other techniques. X-ray diffractometry
has also been used widely for mineralogical analysis.
The clay mineral fractions can be isolated from soil
samples by sedimentation and their X-ray diffraction
patterns can be obtained from oriented mounts.
Standard methods for the identification of the clay
minerals (dehydration, glycolation, etc.) are used.
FT IR can also be used for mineralogical analysis; it
is best applied to mineral fractions obtained from
density gradient separations.

Soil as a Matrix

A wide variety of evidentiary materials may be found
in contact with soil. The bodies of murder victims
may be buried; particulate trace evidence such as
hairs and textile fibers may be on a buried body or
may have been buried seaparately; molecular trace
evidence such as ignitable liquids or explosive resi-
dues may be dispersed in soil after an arson fire or
after an explosion; and deoxyribonucleic acid (DNA)
evidence in body fluids and tissues may also have
been in contact with soil. The effect of soil on these
categories of physical evidence is the subject matter of
the newly emerging field of forensic taphonomy.

Buried Remains

The interaction of soil and buried human remains is
complex. Decomposing remains contribute to the
overall organic content of the soil at the burial site
so that the presence of a grave may be inferred by the
elevated organic content and darker color of a local-
ized region of a soil horizon. Studies conducted at the
University of Tennessee’s Anthropological Research
Center (also known as the ‘Body Farm’) have shown
that decomposing human remains elevate the tem-
perature of the soil immediately surrounding them
and contribute large quantities of aliphatic carboxylic
acids to the soil solution. It has been proposed that
the relative abundance of certain of these aliphatic
acids be used to estimate postmortem interval.

It has been widely recognized for years that burial
in soil retards decomposition. This retardation is
largely due to the reduction in insect activity. Insects,
especially flies, are the main agents for the skeletali-
zation of human remains. While adult flies may feed
on carrion, it is mainly fly larvae (maggots) that con-
sume decaying soft tissue. However, even a thin layer
of soil may prevent oviposition by most flesh and
carrion flies. There are, nevertheless, a few species
of flies capable of digging down through soil to
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deposit eggs on a corpse. Some species of carrion
beetle may dig several feet down to reach remains.

The ultimate fate of buried human remains depends
on general climatic conditions. Remains in well-
drained soils in the temperate climatic zones will
eventually be completely skeletalized. If the soil pH
is low, even hard tissues such as bone or tooth enamel
will ultimately be destroyed; only a soil stain may
remain to indicate the presence of a burial. Even bod-
ies in coffins or vaults may be completely destroyed if
water infiltrates these enclosures. On the other hand,
water can act to preserve buried remains. If the burial
site is very damp, adipose tissue in the body may be
converted to a light-colored, cheesy mass called adi-
pocere. Adipocere is composed mainly of long-chain
aliphatic carboxylic acids. Its formation may be due
to the direct hydrolysis of fats by groundwater; how-
ever, there exists evidence (primarily from studies of
adipocere in Egyptian mummies) that adipocere may
also be produced by the action of microorganisms
such as members of the genus Clostridium. Adipocere
may coat the body, discouraging or completely pre-
venting insect attack on the remains. If the soil is very
wet and filled with decaying vegetation (e.g., in peat
bogs), the soil solution will have a high concentration
of tannins and a low oxygen level. Under such anaer-
obic conditions, skin may be converted to leather and
microbial decomposition (putrefaction) of soft tissue
may be prevented. ‘Bog bodies’ may be preserved for
hundreds or thousands of years with internal organs
more or less intact and available for examination
upon autopsy.

The geologic principles of stratification provide a
basis for the understanding of buried crime scene
evidence. The excavation of graves generally inter-
rupts and mixes soil horizons. Visible evidence of
the mixing of the surficial soil horizon with an under-
lying soil horizon is one of the indicators of the pres-
ence of a grave. Graves can also be located using
geophysical prospecting techniques such as infrared
thermography and ground-penetrating radar. Once a
grave has been found, the crime scene investigators
have to exercise care during the exhumation of the
remains to retain the stratigraphy within the grave.
This stratigraphy provides important evidence about
the circumstances surrounding the digging of the
grave. For example, murderers may spread layers of
lime, calcium carbonate, or calcium hydroxide over
the remains in the belief that these chemicals will
hasten decomposition or reduce the odor of decom-
position. The stratigraphy of the burial can be affected
by bioturbation, sedimentation, and compression—
depression. Scavenging animals may dig down into
the infill of the grave to reach the decaying remains;
small rodents may also burrow through the grave.

Compression—depression of the grave infill leads to
slumping of the surface of the grave. The backfill can
be tamped down as the perpetrator replaces the soil
dug out of the grave. The grave infill may also settle as
the soil settles and the remains decompose.

This settling (along with desiccation of the surficial
soil horizon after rains) results in cracking of the soil at
the edges of the grave. The surface of a grave may also
show a secondary depression, caused by an initial,
localized expansion, which is the result of the abdomen
of the corpse filling with putrefactive gases followed
by collapse when the putrefactive gases ultimately
escape. If the body is buried facedown a secondary
depression may not form. Shallow holes left by scav-
enging animals may resemble secondary depressions
produced by the process of bloating and collapse.
Areas of compaction may also be observed within a
grave if the victim was buried alive. In struggling to
escape the victim may displace soil upwards or side-
ways. Clearly such evidence would be of the greatest
importance in a subsequent murder trial.

When a grave is excavated, investigators have to
take care to preserve any impression-type evidence.
Shoe impressions may be observed around and within
the grave; digging implements such as shovels may
leave tool marks on the walls of the grave and on
clods of soil removed from the grave; and fabric
impressions from the digger’s clothing may be left
around or within the grave, particularly if the imple-
ment used to dig the grave required the digger to
kneel while using it.

Trace Evidence in Soil

Contact with soil can alter trace evidence in a number
of undesirable ways. The evidence might be com-
pletely destroyed or it might be so altered that it can
no longer be associated with its original source. The
alteration or destruction of trace evidence is caused
mainly by soil microorganisms; for example, the re-
striction endonucleases found in soil microorganisms
quickly cut DNA strands into small fragments. Soil
microbes can also metabolize the hydrocarbons in
ignitable liquids that can be used as arson accelerants.
Even if some of the hydrocarbons in the ignitable
liquid are detectable in the soil sample, it is sometimes
impossible to categorize correctly the type of ignitable
liquid used (e.g., light petroleum distillate, gasoline,
kerosene, and so forth). In some soils 7-alkanes are
degraded more rapidly than aromatic hydrocarbons,
while in others the reverse is true.

The enzyme systems of soil microorganisms can
also break down hairs and textile fibers. Among the
natural textile fibers, cotton is very rapidly destroyed
by contact with soil. As a general rule, in most
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climates buried cotton fibers are completely destroyed
within a few months. Lignified cellulosic fibers (e.g.,
flax and hemp) are broken down more slowly. The
rapid destruction of cellulosic fibers in soil is easily
understood: most soils contain microorganisms that
use plant debris as sources of energy and of carbon for
growth. Buried proteinaceous fibers such as hair,
wool, and silk can survive for decades, even in a
well-watered soil. Hair and wool fibers, however,
can be degraded by soil fungi; fungal hyphae can pene-
trate hair and wool fibers and grow within the fibers,
ultimately completely consuming them. Cellulosic
and proteinaceous fibers are more likely to survive if
they are buried close to metal artifacts containing
copper (e.g., zippers, snaps, button loops, brads, and
tacks). Copper ions are well known to have bacteri-
cidal effects. Some synthetic fibers also deteriorate
rapidly in contact with soil: buried rayons and cellu-
lose acetates are destroyed almost as rapidly as
cotton. On the other hand, other synthetic fibers
such as nylons and polyesters deteriorate very slowly,
presumably because soil microorganisms are unable
to elaborate enzymes capable of breaking down the
primary polymer structure of these fibers.

See also: Acidity; Archeology in Relation to Soils;
Bacteria: Soil; Clay Minerals; Fourier Transform
Infrared Spectroscopy; Microbial Processes: Environ-
mental Factors; Organic Matter: Principles and Pro-
cesses; pH
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Introduction

Forest soils, where soil formation has been influenced
by forest vegetation, are generally characterized by
deeply rooted trees, significant ‘litter layers’ or
O horizons, recycling of organic matter and nutrients,
including wood, and wide varieties of soil-dwelling
organisms (Figure 1). There are also soils now
covered with forest vegetation, often plantations, on
lands that were not naturally forested. These soils are
probably undergoing processes that give them ‘forest
soil-like” characteristics, e.g., litter layers from trees,
woody organic residues from deep roots, and associ-
ated soil microbe and fauna populations. Like other
soils, forest soils have developed, and are developing,
from geological parent materials in various topo-
graphic positions interacting with climates and organ-
isms. Forest soils may be young, from ‘raw’ talus,
recent glacial till or alluvium, or ‘mature,’ in relatively
stable landscape positions. Just as forest vegetation of
the world varies greatly, so do forest soils, e.g., they
are shallow, deep, sandy, clayey, wet, arid, frigid, or
warm. The following are representative of variability
in properties of forest soils, complied for the forest
soils of the Douglas fir region of northern California,
Oregon (Figure 2), Washington, and southwestern

British Columbia: soil depths, 1-2.5 m; nitrogen con-
tained in forest floors, 170-1300 kg ha™'; total N in
soils, 1460-22 500 kg ha™'. There are forest soils clas-
sified in all the orders of the US soil classification
system, reflecting the wide range of conditions in
which forests occur.

Forest soils have been studied by many generations
of soil scientists. Some studies have been focused
mainly on ecologic characteristics, for example on
surface organic layers in forests in Denmark, which
introduced the terms ‘mor’ and ‘mull’; while other
investigations have dealt with nutrients, water sup-
plies, soil organisms (especially mycorrhiza-forming
fungi), fertilizer additions, and other impacts of forest
management.

Because human land uses have often appropriated
the ‘best’ soils and landscape positions for agriculture,
many forest soils are less than optimum in properties
that control fertility and potential vegetation prod-
uctivity. This is illustrated by the designation of many
forest soils as ‘steep, stony lands’ during early soil
surveys in the US Lake States. Of course, there are
also forest soils with high productive potentials,
i.e., with porous and well-aerated root zones, good
nutrient-supplying and -retaining capacities, excellent
capacities to store plant-available water, and char-
acteristics amenable to robust populations of soil
microbes and fauna. And, in many areas of the
world today, forests grow on lands once used for

Figure 1 Beech (Fagus sylvatica) forest in Germany.
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Figure 3 Pinus radiata plantation in New Zealand. (Photo by B. Dyck.)

intensive agriculture, e.g., parts of northern and cen-
tral Europe, the northeastern and southeastern USA,
and New Zealand (Figure 3).

Many forest soils are shallow and low in organic
matter and water-holding capacity, on steep, rocky
landscapes, in mountainous areas of the world,
e.g., some of the Norwegian and Swedish mountains,
the Alps, the Andes, the Sierra Nevada and Rocky
Mountains of North America, and in arid environ-
ments, e.g., in Mediterranean countries, parts of
Chile, Mexico, and the ponderosa pine regions of
the western USA. In large areas of Canada, the US

Lake States, Norway, Sweden, Finland, and Siberian
Russia, forests grow on soils that are shallow,
often very wet, on peatlands of several types, and on
some soils with permafrost. These forests are slow-
growing, due in part to limited nutrient- and water-
supplying capacities, shallow rooting potentials, and
cold temperatures of the soils.

Roots and Mycorrhizae

Tree roots can penetrate to depths of 10 m or more,
depending on the impermeable or porous nature of



FOREST SOILS 75

subsoils and/or bedrock. Deep root systems provide
anchorage and stability for trees and provide access to
nutrient and water sources far below normal ‘soil.’
Roots at depth proliferate fine roots and mycorrhizae
in thin deposits of soil materials in fissures, providing
access to water and nutrient supplies that are not
accounted for in evaluations of ‘standard’ soil pro-
files. Nutrient uptake from deep roots, transport to
and incorporation in plant tissues, subsequent deposi-
tion of the tissues as litter, and litter decomposition
can contribute to ‘upward’ cycling of nutrient ele-
ments from deep in a soil or the regolith to surface
soil horizons.

Mycorrhizae, symbiotic root-fungus structures essen-
tial for all forest trees, provide, via their proliferations
of fungal hyphae, greatly expanded surfaces for
sorption of water and nutrients, and, in some cases,
they provide some inhibition of invasions of patho-
gens. In addition, mycorrhizae facilitate plant uptake
of nutrients, especially N and P, from complex com-
pounds not traditionally considered to contain plant-
available elements. There is also substantial evidence
that mycorrhizae, and other rhizosphere organisms,
can facilitate root uptake of nutrients from primary
minerals; these processes involve ‘dissolution” of min-
eral structures and nutrient release due to both acidity
and complexing characteristics of rhizosphere com-
pounds from fungi, and perhaps from other microbes.

In some forest ecosystems, tree roots represent
30-50% or more of annual primary productivity.
Annual or more frequent death and decay of vast
proliferations of fine roots in forest soils provide
significant additions of organic matter and carbon
sequestration, contributing to processes that sustain
soil fertility and provide vast stores of carbon. Where
there are significant quantities of deep roots, including
large, lignaceous roots, these ‘ecosystem functions’
are difficult to quantify, while being of great signifi-
cance; decomposition and carbon release processes
can be very slow — storage of carbon and nutrients
in deep root-derived organic matter is very long-term.

Litterfall and Litter: Organic Matter
Recycling in Forest Soils

Forest vegetation adds litter and organic matter to
soil surfaces and within soils, because of fauna-
mediated incorporation of litter and to the deaths of
fine roots and mycorrhizae. These additions are recur-
rent seasonally and annually in most temperate forests
and are continuous and/or episodic throughout the
year in many tropical forests. While forest vegetation
remains, this litterfall recycles nutrient elements
via decomposition processes. In some systems, from
30 to 60% or more of annual tree requirements

for nutrients may be met by this recycling. Litter or-
ganic matter, interacting with mineral soil particles,
and in processes of comminution and decomposition
by soil fauna and microbes, contributes to building
and maintenance of soil structure and accompanying
porosity, and water- and nutrient-holding capacity.

The plant sources, amounts, and compositions
of litterfall change during ecosystem succession as
forests develop during their regrowth after disturb-
ance of a previous forest or after planting. These
variations and dynamics depend on the nature and
intensity of site manipulation and management, e.g.,
elimination of vegetation that competes with desired
trees will limit the variety of litter during a forest
growing cycle. Because of this repeated and continual
litter recycling, whether from complex plant commu-
nities or from forest trees in monoculture stands,
some forest ecosystems can be self-maintaining for
nutrients and soil organic matter for the many years
that trees grow and, perhaps, indefinitely. Other
forest ecosystems require inputs of some nutrients to
sustain desired growth of the trees, e.g., pine planta-
tions on very old, deeply weathered sandy soils of
Florida require P fertilizer for satisfactory commercial
forest growth.

Accumulated litter layers provide habitats for pro-
liferation of roots and mycorrhizae, and for many
organisms, including fauna and microbes that carry
out decomposition. Due to the variety in and composi-
tion of litter, in any single forest ecosystem decom-
position processes are very complex, involve differing
groups of organisms, and proceed at different rates
(Figure 4). Early stages of decomposition for much
litter include comminution — chopping and shredding
— of individual plant materials. These processes may
be carried out by centipedes, beetles, springtails,
worms, slugs, and any of a vast variety of soil fauna,
depending on the ecosystem. Of course fungi and
bacteria are the ultimate decomposers. In some forest
litter layers, nets and mats of fungal hyphae bind
together litter components to create carpet-like forest
floors. In some tropical forests, litter that reaches the
forest floor is already being decomposed and has a
very short residence time on the soil surface, creating
a rather bare mineral soil surface.

Forest soil scientists recognize three broad catego-
ries of litter layers or humus forms: mull, moder, and
mor. Mull humus is litter that is rather rapidly com-
minuted and decomposed, with organic matter being
rapidly incorporated into A horizons by soil fauna,
with earthworms often playing major roles in decom-
position and incorporation processes. Mulls contain
what are designated as L and F, or Oi and Oe, hori-
zons. Mor humus types, often forming in coniferous
forests with cool, moist — or very dry — forest floor
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conditions result from litter that is slow to decompose
and be incorporated with mineral soil materials; fungi
predominate as final decomposers. Mor litter layers,
with L, F, and H (Oi, Oe, and Oa) layers and very
thin or absent A1 horizons, can accumulate to thick-
nesses of 15-30cm or more. Moder humus forms
are intermediate in characteristics, with significant
accumulations of slowly decomposing materials —
L/Oi layers — above F/Oe horizons and an A1 or Ah
horizon. Within each of these broad categories of
humus forms are numerous variations, depending on
the characteristics of the forest ecosystem.

Biogeochemistry and Hydrology

Studies of potential nutrient supplies from forest soils
and of nutrient element states and dynamics in forest
ecosystems have long been conducted as site-quality
classifications, as nutrient-cycling studies, and, since
the late 1960s, as research of forest ecosystem

biogeochemistry. For many forests, attention has
focused on nitrogen, because it is very often the nutri-
ent most limiting for forest growth. Studies of nitro-
gen biogeochemistry in forests have included: total
ecosystem supplies; rates of inputs from precipitation
and symbiotic dinitrogen fixation; stores and dynam-
ics in litter and soil organic matter; ammonification
and nitrification; sequestration and leaching rates;
and denitrification. For some tree species and
systems, there has been research of supplies and defi-
ciencies of phosphorus, sulfur, and potassium (e.g.,
in coarse outwash sands, in glaciated landscapes
in the state of New York, in the USA). And, for
some systems, researchers have identified limiting
quantities of boron (e.g., for Pinus radiata in New
Zealand) and other micronutrients.

With broad ecosystem and watershed studies, sci-
entists have documented interactions among system
hydrology, vegetation, soils, and nutrient elements,
especially nitrogen in nitrate form. Removals and
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suppression of vegetation followed by accelerated de-
composition of organic matter, interruption of tran-
spiration flows of water, and alterations of stream
water chemistry in forested watersheds have been
documented, with significant transfers of nitrate ni-
trogen to streams in some forest systems, while other
systems retain nitrogen rather well after disturbances.
These research results are very relevant for sustainable
management of forest ecosystems and interacting
aquatic systems, and are important components of
scientific knowledge of forest—soils interactions and
implications for management.

Within the hydrologic cycle and watershed context
of forest lands, forest soils contribute to moderation
of flows of water, e.g., influencing intake and perco-
lation, limiting runoff, providing filtration, storage,
and transmission and delayed flows to streams. Be-
cause of litter layers, high porosities associated with
soil fauna activities, root proliferation and depth, and
many macropores, forest soils have very high infil-
tration and percolation rates, rates that far exceed
rainfall intensities in many ecosystems. These and
other attributes of forest ecosystems provide valuable
watershed values for the millions of people dependent
on forested landscapes for water supplies. The scien-
tific discipline of forest hydrology encompasses these
and other aspects of forest-soil-water interactions.

Disturbance Effects on Forest Soils

Because ‘crop rotations’ for forests are of such long
duration, e.g., decades to more than 100 years, it is
important to consider effects of both natural and man-
created disturbances to forest soils when contrasting
forest soils with agricultural soils. Disturbances in
forest ecosystems influence forest soils and associated
dynamics of water, nutrients, and vegetation. Disturb-
ances include windthrow (or blowdown), fires, land-
slides or other mass movements, and disease or insect
outbreaks that defoliate and/or kill many trees. Winds
that blow down trees or patches of forests (in some
cases hundreds to thousands of hectares) often result
in excavation, the tipping up of large root masses
with accompanying soil disturbances. This mixes
soil horizons, exposes fresh materials to weathering
processes, and often creates pit-and-mound micro-
relief, adding to soil spatial variability, creating nu-
merous microhabitats for subsequent vegetation and
contributing to challenges for researchers sampling
soils.

Forest fires, with their extreme ranges of inten-
sities, durations, and extents, alter soils indirectly,
via depositions of ash, charcoal, and partially burned
litter, and directly, depending on temperatures
imparted, in effects on soil organisms, root systems,

organic matter, chemical characteristics, and physical
properties. Losses of vegetation and forest floor
organic matter alter system biogeochemistry and hy-
drology. Nutrient elements, especially nitrogen, may
be volatilized in fires and lost from the forest. Re-
sidual ash materials provide a pulse of nutrients that
may stimulate plant regrowth, or ash may be carried
off-site by postfire winds or overland flows of water.
With reduced interception, storage, and transpiration
capacities owing to removal of vegetation and forest
floors, infiltration, percolation, storage, and runoff of
water will change; effects vary greatly depending on
ecosystem and fire characteristics and postfire
weather. Plant succession following a fire can result
in rapid uptake and storage of nutrient elements, will
contribute to rebuilding forest floors and soil organic
matter, and often includes nitrogen-fixing plants that
can replenish, to some extent, nitrogen loss during a
fire. Because of the complex and variable interactions
among fire characteristics and ecosystems, very few
generalizations about fire—soil interactions are valid
for all forest soils, presenting significant challenges
for managers of postfire landscapes, e.g., to replant or
not; is erosion protection or nutrient replenishment
needed?; what vegetation will result from succes-
sional processes?

Diseases in forests (e.g., root rots; needle cast fungi)
damage and Kkill trees, including root systems, con-
tributing dead organic matter on soil surfaces and
within soils, and influencing all related ecosystem
dynamics of nutrient biogeochemistry, soil structure,
and hydrology. Similarly, insect epidemics alter
forests and influence soils, e.g., those of defoliating
insects (e.g., gypsy moths, Douglas-fir tussock moths)
may cause significant, unusual depositions of foliar
organic matter to forest floors, with attendant nutri-
ent dynamics and other system effects; large-area tree
death due to bark beetles leaves ‘standing dead’ trees
that are fire hazards as well as potential soil organic
matter.

Human Effects on Forest Soils

Human activities of global, regional, watershed, and
site-specific scales influence properties and processes
of forest soils. These influences have been well re-
searched by forest-soil scientists, ecologists, chemists,
aquatic biologists, and forest engineers, and are only
listed here rather than discussed in any detail. Effects
of acid rain and related pollutants, including in some
cases heavy metals, deposited in forests from the at-
mosphere have been well documented. Effects include
changes in soil acidity, interactions with aluminum
chemistry, leaching of cation nutrients, alterations of
nitrogen status, influences on root growth, transfers
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of chemicals to waterways, and effects on soil and
aquatic biota.

Forest-management activities include use of heavy
machines in forest harvests, site preparation, removal
of vegetation and alteration of plant communities,
and uses of fertilizers, herbicides, and pesticides.
Physical site manipulations such as mechanical re-
moval of competing vegetation and forest floor or-
ganic matter, burning, and scarification can alter soil
physical properties such as porosity, infiltration cap-
acity, percolation rates, and susceptibilities to ero-
sion. Burning, to eliminate or reduce competing
vegetation and forest floor and litter horizons for
preplanting site preparation, affects soil properties
and processes, as do draining and bedding to alter
water tables in relation to rooting zones. Fertilizer
additions and additions of herbicides and pesticides
affect soil chemistry, organic matter, and biota. These
management manipulations can influence forest
floors and litter horizons, affect soil porosity, penetra-
bility for roots, hydrology, gas exchanges, chemical
properties, organic matter accumulations and dynam-
ics, and soil biota, including potential symbionts of
nitrogen-fixing plants.

Forest plantations of single tree species have very
different ecosystems compared to many native
forests, and create intensive and usually simplifying
interactions with soils. These interactions may or
may not influence soil properties essential for sus-
tained productivity, e.g., nutrient element biogeo-
chemistry, organic matter dynamics, soil biota, and
dynamics of soil structure and porosity. These influ-
ences can result when vegetation is extremely simpli-
fied by use of site manipulations and herbicides to
eliminate plants that would compete for site resources
with the desired trees. In the most simplified planta-
tions, with a single tree species as the sole source of
organic matter recycled to soils, litter horizons and
soil biota will be simplified, resulting in less-complex
and -resilient nutrient-cycling dynamics. It is import-
ant that forest managers understand the implications
of site manipulations for soil properties and pro-
cesses essential for long-term productivity. With ap-
propriate management, forest soils in such systems
can be maintained or enhanced in their productive
capacities.

‘Ecosystem Services’ of Forest Soils

In the context of the concept of ‘ecosystem services,’
i.e., beneficial interactions of forest ecosystems
with the biosphere, forest soils provide several prop-
erties and functions. Among these are the vast reser-
voirs of stored carbon and the myriad habitats for
macro-, meso-, and microorganisms contributing to

biodiversity. Watershed and hydrologic functions of
forest-soil ecosystems include stabilization of steep
slopes and moderation of water flows to streams.
Forest managers must be cognizant of these benefits
and of the effects of management on altering critical
soil properties and processes that influence these and
other ecosystem services.

Criteria and Indicators for Soils:
Sustainable Forest Management

In the context of criteria for sustainable world eco-
systems and societies, the Montreal Process ‘Criteria
and Indicators’ for forests and forestry include
protection against accelerated soil erosion and main-
tenance of soil organic matter, as well as attendant
soil processes and properties. Soil scientists have
developed a variety of indicators of soil quality, i.e.,
measurements or estimates of soil characteristics con-
sidered essential for sustaining forests. These recog-
nize the important functions of soils in influencing
carbon and energy fixation in forest growth, nutrient
cycling, hydrology, water quality, and biodiversity.
Quantification of soil quality or its changes due to
management is difficult because of complex, variable
processes. The challenge is to identify relatively
simple, outcome-oriented indicators for soils, e.g.,
bulk density, aeration porosity, and organic matter
content. In addition to development and testing of
indicators, there is a need for fine-scale assessments
of soil properties linked to watershed-scale areas,
because local, site-specific changes in aggregate over
a large area have off-site and cumulative effects. It is
also important to stratify land areas based on poten-
tial risks to soils imposed by management practices;
this can provide a framework for considering man-
agement alternatives. Soil-quality indicators can serve
as one basis for adaptive forest management designed
to meet sustainability objectives for soils, water, and
ecosystem productivity.

Summary: Soil Conditions for
Forest Productivity

For forests, including aquatic ecosystems, soils pro-
vide numerous essential conditions: water-holding,
-transmitting, and -supplying capacity; porosity and
aeration; physical tilth for root growth; nutrient-
supplying and -holding capacities; habitats for symbi-
otic microorganisms and for myriad soil organisms
essential for decomposition and maintenance of struc-
ture. Perennial presence of forest vegetation and
recycling of organic matter via litterfall and litter de-
composition are essential components for productive,
sustainable forest ecosystems (Figure 5). A simplified
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set of principles for managing forest soils includes
these: maintain surface and incorporated organic
matter; maintain topsoil — prevent erosion; maintain
soil structure for water, air, nutrients, and organisms;
and maintain significant land areas of forest-soil
ecosystems for all the benefits they provide for the
biosphere and human societies.

See also: Carbon Cycle in Soils: Dynamics and
Management; Classification of Soils; Factors of Soil
Formation: Biota; Fauna; Humification; Mycorrhizal
Fungi; Organic Matter: Genesis and Formation;
Organic Residues, Decomposition; Productivity;
Sustainable Soil and Land Management; Watershed
Management
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Introduction

Fourier transform infrared (FTIR) spectroscopy is a
form of vibrational spectroscopy that is useful in the
study of a variety of soil chemical processes. In the
mid-infrared (mid-IR) range, vibrations arise from
many environmentally important molecules such as
organic acids, soil organic matter, mineral phases,
and oxyanions. It is possible to utilize FTIR spectro-
scopy as a quantitative analytical method and also as
a tool to determine bonding mechanisms in solids and
on surfaces. Molecular vibrations can be related dir-
ectly to the symmetry of molecules, and so it is often
possible to determine precisely how a molecule is
bonding on surfaces or as a component in a solid
phase from its infrared spectrum. Many experimental
methods exist for probing samples of various states
and at different spectral regions.

The Nature of Molecular Vibrations

The infrared region of the electromagnetic spectrum
lies between 10 and 10000 cm ™', which can be ex-
pressed as a frequency of 10'~10'*Hz. This fre-
quency overlaps with the frequency of molecular
vibrations. When infrared radiation is the same fre-
quency as a molecular vibration, it can induce a tran-
sition to a higher energy state. This transition will
only occur if it induces a dipole. A true molecular
vibration is defined as a movement of the atoms of a
molecule that do not change the center of mass and
that involve no rotation. Vibrations that obey this
definition are known as the ‘normal modes.” For a
nonlinear molecule, the normal modes may be due to
symmetric or asymmetric stretching, and in-plane or
out-of-plane bending. Not all of a molecule’s normal-
mode vibrations will be active when subjected to
infrared energy. Instead, the symmetry of a molecule
will affect the position and number of infrared-active
peaks.

Infrared Peaks of Interest

In the mid-IR range (400-4000 cm '), there are sev-
eral extremely important and useful classes of bonds
that can be studied. FTIR spectroscopy has been used
extensively by both geologists and soil scientists to

study clay minerals and other inorganic soil compon-
ents. The structure of minerals can substantially
affect their infrared spectra, and entire textbooks
are available with tables of peak positions and figures
containing spectra of reference minerals. Water has
an intense infrared absorbance in the mid-IR region,
which typically is considered a limitation of the tech-
nique for environmental research. However, the
strong absorbance of water bands has been exploited
by researchers who investigated the effects of humid-
ity changes on self-supported films of clay minerals.

Many organic compounds also have diagnostic
peaks in the infrared region, and FTIR has been
used to study the nature of soil organic matter as
well as the adsorption of organic acids. Many metals
and metalloids form negatively charged oxyanion
molecules in aqueous solution, and FTIR spectro-
scopy has extensively been used to study their adsorp-
tion and precipitation reactions. Figure 1 contains
infrared spectra from selected experiments using
FTIR to study reactions of: (1) natural organic matter
(NOM), and (2) inorganic minerals in soils. Infrared
absorbance bands in Figure 1a have been labeled to
show how changes in functional-group makeup can
give rise to new infrared peaks. Also notice how many
of the peaks in the NOM disappear or shift in pos-
ition when NOM is adsorbed on to a mineral surface.
This is due to chemical bonding with carboxylic and
phenolic NOM groups and the iron oxide surface. In
Figure 1b, a mineral transformation is monitored
using FTIR spectroscopy. The initial v-Al,O3 solid
phase is not stable in water, and over the 2.5-month
experimental period it transforms into a crystalline
gibbsite AI(OH)3 phase.

Infrared Spectral Analysis

A detailed analysis of the theoretical infrared spec-
trum from first principles is not always required. It is
possible simply to compare unknown samples to
those of spectra with known molecular configur-
ations to determine the structure of an unknown.
This is referred to as spectral fingerprinting. This
technique relies on one’s ability to synthesize reliably
reference compounds of known chemical structure or
obtain their spectrum from a library. This approach is
reasonably straightforward in the case of organic
molecules, as large commercial software spectral lib-
raries are available. In the case of unknown inorganic
spectral identification, however, suitable standards
can often be difficult to synthesize, and aqueous
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Figure 1 (a) Infrared spectra of natural organic matter in water compared with natural organic matter (NOM) adsorbed on an iron
oxide. Reproduced with permission from Gu B, Schmitt J, Chen J, Liang L, and McCarthy JF (1994) Adsorption and desorption of

natural organic matter on iron oxide: mechanisms and models. Environmental Science and Technology 28: 28-46. (b) Infrared spectra of

~v-Al,O3 aged from 3 to 75 days. The peak at 1027 cm ™' is due to transformation of the initial Al,O5 into a crystalline gibbsite phase.

Adapted from Wijnja H and Schulthess CP (1999) ATR-FTIR and DRIFT spectroscopy of carbonate species at the aged y-Al,O; — water
interface. Spectrochimica Acta. Part A Molecular and Biomolecular Spectroscopy 55(4): 861-872, with permission.

standards are often present as mixtures of species. For peak. When sulfate is bound as a monodentate
these reasons, assigning peaks based on rules from complex, the v; band splits into two peaks, while
molecular symmetry is often necessary. the vy band becomes fully active at approximately
Symmetry rules assign a molecule to a unique point 975 cm ™!, and Cs, symmetry results. If sulfate forms
group based upon the arrangement of its atoms in a bidentate binuclear (bridging) complex, the sym-
space. A common example of how infrared spectra metry is further lowered to C,,, and the v3 band splits
may be related to molecular symmetry is the case of into three bands between 1050 and 1250 cm ™', while
sulfate. FTIR spectroscopy has been used by many the v; band is usually shifted to a higher wave
researchers to study sulfate bonding in mineral struc- number. The relationship between molecular sym-
tures and as surface adsorption complexes. The clear metry and the number and position of infrared
relationship between the molecular symmetry of sul- peaks are detailed in Figure 2. Sulfate is typical of
fate species, its point group, and its infrared spectrum  tetrahedral oxyanions, and so the relationship also
is an example of the utility of this approach. In the may be readily extended to other tetrahedral oxy-
case of aqueous sulfate, there are two normal modes anions of environmental relevance (such as chromate,
that are accessible to spectroscopic investigation. selenate, phosphate, and arsenate).
They are the nondegenerate symmetric stretching vy, Similar rules may be derived for molecules of other
and the triply degenerate asymmetric stretching vs3 point groups also, making the symmetry approach
bands. As a free anion in solution, sulfate has tetrahe-  very powerful in the assignment of molecular config-
dral symmetry and belongs to the point group T4. For uration from FTIR spectra. However, one must be
this point group, only one broad peak, due to the v3 aware that infrared peaks may arise from many po-
stretch, is observed at approximately 1100cm ™', If tentially occurring molecular vibrations. Of particu-
sulfate is covalently bonded to one or more cations, lar concern in environmental science is the fact that
the symmetry is lowered, a vy peak becomes infrared interactions with protons will substantially affect
active, and the v3 band splits into more than one the infrared spectrum of sulfate, not only when
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Figure 2 Relationship between molecular symmetry and infrared spectra for aqueous, monodentate, and bidentate sulfate species.
Adapted from Peak D, Ford RG, and Sparks DL (1999) An in situ ATR-FTR investigation of sulfate bonding mechanisms on goethite.

Journal of Colloid Interface Science 218: 289-299.

covalently bound to sulfate (as bisulfate or sulfuric
acid), but also when hydrogen bonds are formed with
waters of hydration. To improve peak assignment
in such cases, experiments are usually repeated in
D,O as a solvent. Substitution of D for H in surface
complexes or mineral structures will shift the position
of infrared peaks, while peaks that do not involve
protons are unaffected. It is also possible to calculate
theoretical infrared spectra using molecular modeling
software. The absolute position of peaks may not be
correct, but trends in how species are affected by the
presence of protons or metals are still quite helpful in
peak assignment.

FTIR as a Quantitative Tool

The infrared absorbance of a molecular vibration
obeys the Beer—-Lambert law. This means that FTIR
spectroscopy, if properly calibrated, is a quantitative
technique. The relationship is as follows:

A=¢ebC (1]
where A is absorbance, ¢ is the molar absorptivity
coefficient, b is the thickness of the sample (or path-
length), and C is the concentration of the molecule in
the sample. Note that € is specific to a given vibration,
and that A is typically reported in terms of peak
height or integrated absorbance from a fitted peak.
Changes in sample configuration for different types of
FTIR experiments can make quantification difficult.

Instrumentation

FTIR actually refers to a class of spectrometers that
are distinguished from older, double-beam infrared
units by their use of a single beam and an interfer-
ometer and detector to collect a spectrum over the
entire wavelength of interest simultaneously. This
raw data, called an interferogram, is an oscillation
over time. This interferogram is then converted to a
function of frequency, as in a traditional infrared
spectrum, by use of a mathematical procedure called
Fourier transformation. FTIR units have largely re-
placed older double-beam units because they are have
better spectral resolution, allow for much more rapid
data collection, and have an improved signal-to-noise
ratio.

Common Experimental Techniques

Several different FTIR experimental techniques are
commonly employed by environmental researchers.
These are transmission mode experiments with pressed
disks, diffuse reflectance experiments with powder
samples, and attenuated total reflectance studies
with aqueous solutions and hydrated suspensions.
The primary differences in the commonly used tech-
niques are: (1) the amount of sample preparation
that is required, (2) the spectral range that is access-
ible to the technique, and (3) the detection limits.
Each technique may be particularly well suited to
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certain research questions, and more than one tech-
nique is sometimes required.

Transmission-mode Experiments

Transmission-mode experiments are the both the sim-
plest and most common type of FTIR experiment.
Samples are diluted in some medium and placed per-
pendicular to the infrared beam. A detector measures
the amount of infrared beam that is transmitted
through the sample. To obtain the spectrum of only
the sample, the spectrum of the pure medium is first
collected and used as a reference. A spectra of the
sample in the medium is then collected and ratioed
to the reference to obtain the spectrum of the sample.
A typical experimental configuration for transmis-
sion-mode experiments is shown in Figure 3.

Solid samples are typically diluted to 1-2% wt in
KBr salt and then made into a thin disk with a press.
The final product is a thin, clear disk that is placed in
a sample holder and analyzed. For transmission mode
experiments to be successful, water must be removed
from the system, so samples are heated to remove as
much water as possible prior to dilution. Care must
be taken with amorphous and unstable solids to
avoid transformations that may occur at elevated
temperatures. Organics can also often be studied in
transmission mode by simply placing them in a thin
liquid cell. The medium chosen as a solvent should
have a relatively low infrared absorbance and not
have infrared peaks that overlap with those of the
organic of interest.

Transmission-mode experiments can provide quan-
titative information more easily than some other

IR source

To detector
!

lo

([

Thickness

Transmission mode

Area probed by
beam (Dp) ~

IR source \

experiments because Beer’s Law is directly applicable.
The path length through the sample must be known,
and molar absorptivity can be learned by collecting
several spectra of samples with known concentrations
to construct a calibration curve. Once the path length
and molar absorptivity are known, concentration and
absorbance can be determined.

This technique is quite useful for soil scientists who
are studying mineral transformations or who need
quantitatively to determine the mineral composition
in unknown samples. However, the technique involves
substantial sample modification that may change the
structure of both solid phases and sorbed surface
species. Particularly in mixed systems, peaks of
minor components may be masked by other species
of higher concentration.

Diffuse Reflectance Infrared Fourier
Transform Experiments

The diffuse reflectance technique was developed
partly to address some of the shortcomings of the
pressed-disk method of sampling, and also to extend
FTIR spectroscopy to additional types of samples.
Many substances, particularly powders, scatter light
in all directions in a diffuse manner. The diffuse
reflectance technique isolates the portion of the infra-
red light that is diffusely scattered from that which
is either transmitted or specularly reflected and col-
lects it as a diffuse reflectance spectrum. A typical
experimental configuration for transmission-mode
experiments is shown in Figure 3.

DRIFT spectroscopy is conducted only on powder
samples. Samples may be run neat (with no dilution),

S
/ To detector

NG

DRIFT mode

IR source T
/

ATR mode

—p

\To detector

Figure 3 Common sampling methodologies for transmission-mode, diffuse reflectance (DRIFT), and attenuated total reflectance
(ATR) Fourier transform infrared experiments. /o, energy prior to the sample; /, energy after the sample; Dy, depth of penetration

through the sample.
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or diluted with a nonabsorbing matrix such as KBr.
Samples are typically ground with a mortar and pestle
to avoid large particles with flat surfaces that may
distort the spectrum by exhibiting specular reflect-
ance. Samples are not pressed into disks as with
transmission experiments, but are simply packed
into a sample holder. This makes the collection of
DRIFT spectra somewhat simpler than transmission-
mode experiments. It also avoids changes in sample
structure that may occur when subjected to elevated
pressure. However, quantitative DRIFT studies are
more difficult than transmission-mode IR, because
steps in sample preparation can substantially affect
a diffuse reflectance spectrum. Specifically, the par-
ticle size, the sample homogeneity, and the degree of
packing will influence the results.

Regardless of the care taken in sample preparation,
DRIFT data differ from data obtained in a transmis-
sion-mode experiment. Peak intensities at higher
wave number are typically compressed, and all peak
shapes tend to be rather rounded compared with
sharp peaks from pressed disks. A mathematical cor-
rection can be applied to the raw spectra to compen-
sate for these anomalies and make DRIFT data
directly comparable with transmission-mode refer-
ences. This conversion is known as the Kubelka-
Munk equation, and it can usually be performed by
the software used to control the FTIR.

The primary advantage of DRIFT over transmis-
sion-mode studies is that sample preparation does
not require pressing disks. This means samples can
be prepared more quickly and with less effort. How-
ever, samples are still dried and diluted in salts, so
sample preparation may still affect the chemical
species in an environmental sample. The primary
drawback of DRIFT is that it trades ease of sample
preparation and ability to observe weaker bands by
analysis of neat samples for additional complexity in
quantitative analysis.

Attenuated Total Reflectance Experiments

The attenuated total reflectance (ATR) method is a
recent advancement in FTIR that allows spectra to be
collected in the presence of water. Water is an ex-
tremely strong infrared absorber, and traditional sam-
pling methods require drying to remove interferences
from H,O. The ATR technique circumvents this
limitation by directing the infrared beam through
a long crystal. The beam is redirected through the
crystal at an angle and bounces multiple times intern-
ally and then exits to the detector. The infrared
beam produces an evanescent wave on the surface of
the crystal, and hydrated samples in close contact
with the crystal can be analyzed by comparing the
reflectance of the sample with that of the bare crystal.

A typical experimental configuration for ATR-mode
experiments is shown in Figure 3.

Since the ATR technique presents a substantial
deviation from a transmission-mode experiment,
experimental complications that affect the adherence
of ATR data to the Beer-Lambert law are to be
expected. For example, the effective path length of
the beam is required for quantitative research and
is related to the number of reflections through the
crystal and the depth of penetration into the sample.
The number of reflections is related to the ATR crys-
tal’s physical properties such as angle of incidence
of the crystal, and the crystal’s physical length and
thickness. The depth of penetration into the sample
is also related to the crystal’s physical dimensions,
but is also a function of both the crystal and the
sample’s refractive index and the wavelength of light
that is passed through the crystal. ATR crystals may
have 30°, 45°, or 60° effective angles of incidence,
and may be made of a variety of materials. The most
common and widely used material for ATR crystals is
ZnSe, but diamond, amorphous material transmitting
IR (AMTIR), germanium, and silicon are also avail-
able. Different crystal materials may be preferred due
to their refractive index, their useful spectral range, or
their chemical sensitivity.

The fact that sample penetration depth changes
with wavelength presents a serious problem in
attempting quantitative experiments with the ATR
method. For this reason, ATR data are properly
reported as percentage reflectance (%R) rather than
percentage transmittance (%T), as the intensity of
light transmitted is not a constant throughout the
spectrum with ATR, but instead is a function of
wavelength. Fortunately, a mathematical correction
can be made to ATR data that accounts for the wave-
length dependence of penetration depth. This cor-
rection is typically available in the instrument’s
data-collection software.

With the ATR technique, it is possible to analyze a
wide range of samples. Solids can be pressed into
contact with the ATR crystal, while liquid samples
and hydrated suspensions can be placed into a sample
holder that has a trough with a volume of a few
milliliters. This flexibility in sampling has made it
possible to conduct adsorption studies of organic
acids and oxyanions in situ with FTIR. In fact, the
ability to monitor the mechanism of adsorption
on mineral surfaces is the primary application of
ATR-FTIR in environmental science.

Two experimental approaches are commonly util-
ized in adsorption studies: analysis of reacted suspen-
sions of soil solids, and analysis of adsorption on to
solids deposited on to the ATR crystal. Both experi-
mental approaches have merits and drawbacks. It is
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faster and easier to conduct macroscopic adsorption
experiments in the laboratory and then use ATR-
FTIR spectroscopy to analyze representative samples
than it is to conduct all experiments in situ with
deposited solids. This also provides the opportunity
to know the exact surface loading and reaction con-
ditions of the sample prior to analysis. However,
using wet pastes or slurries presents some experimen-
tal difficulties also. To obtain a spectrum of the
adsorbed species, one must separate the solid from
the solution via filtration, resuspend the solid in the
supernatant at a constant solid-to-solution ratio for
all samples, and then collect a spectrum of the super-
natant, the unreacted solid, and the reacted solid. By
subtracting both the supernatant and the unreacted
solid spectra from the reacted spectrum, the result is
the spectrum of the adsorbed species.

In contrast, the deposition method places a thin
coating of a mineral on the ATR crystal that is
constant throughout the experiment. A reference
spectrum of the ATR crystal, the mineral deposit,
background electrolyte, and water is collected ini-
tially. Then, reactant is added to the solution at a
low (micromolar) concentration. The reactant is con-
centrated at the mineral-crystal interface so that
adsorbed species are above detection limits. Since the
solid concentration at the surface is constant and the
solution-phase reactant is not detected, a high-quality
spectrum of the absorbed ion can be obtained. Due to
improved spectral quality, results from deposition
studies are typically much easier to fit and interpret.

The primary advantage of the ATR method for
environmental science research is that it allows

FRACTAL ANALYSIS

Y Pachepsky, USDA Agricultural Research Service,
Beltsville, MD, USA

J W Crawford, SIMBIOS, University of Abertay,
Dundee, Scotland, UK

Published by Elsevier Ltd.

Introduction

Geometric irregularity is an intrinsic property of
soils. Pores, particles, surfaces, roots, and living or-
ganisms in soils have a wide range of sizes and shapes.
Soil surface is rough, and soil map contours have
complex shapes. Geometric irregularity in soils is
easy to perceive and observe, but quantifying it has

environmental samples to be analyzed with normal
amounts of water present and at ambient pressures.
The results from ATR are therefore much more rep-
resentative of chemistry in natural systems. However,
ATR experiments are more difficult to compare with
traditional transmission studies, difficult to conduct
reliably in a quantitative manner, and the experimen-
tal procedure is more time-consuming than other
methods.
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long presented a daunting challenge. Such quantify-
ing becomes imperative because the geometric irregu-
larity is both a cause and a reflection of soil spatial
variability that strongly affects soil functioning in
ecosystems and soil management.

Geometric quantities in soils are measured with
different measurement scales, i.e., lengths, areas, or
volumes within which curves or surfaces are assumed
to have a geometric shape, composed of straight lines,
circular arcs, parts of planes, or sphere surfaces.
Measurement scale is often called ‘support,” ‘reso-
lution,” or simply ‘scale.” Because actual curves and
surfaces are irregular within the measurement scale,
total length, area, or volume does not remain
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Figure 1

Measurements with traditional geometric tools ignore surface irregularity within the observation scale. Measured length of

a line (dotted) is the sum of distances between the compass dividers. The larger divider step gives the total length of 105 length units,

whereas the smaller divider step results in 120 length units.

constant as the measurement scale changes (Figure 1).
A decrease in measurement scale usually causes an
increase in total length, area, or volume. Thus soil
geometric properties appear to be scale-dependent.

One class of geometric objects that have depen-
dence of total length, area, or volume on the mea-
surement scale consists of objects that reveal
similar geometric shapes when observed at different
measurement scales. Such objects were termed ‘frac-
tals’ by B.B. Mandelbrot, who suggested that fractals
rather than regular geometric shapes such as seg-
ments, arcs, circles, and spheres are more appro-
priate to approximate irregular natural shapes that
have hierarchies of ever-finer detail. This started the
expansion of applications of fractal geometry, which
had became very popular during recent decades,
because of its promise to relate features of natural
objects observed at different scales.

Fractal Objects

Geometric fractal objects reveal similar features at
different scales because they are constructed itera-
tively, by repetition of the same form- or shape-
changing operation at different measurement scales.
If this operation does not change from one scale to
another, then the result is an ideal geometric fractal.
An example of such construction is given in Figure 2

for the fractal object ‘Menger sponge.” The initial
shape, or initiator, is a cube. The shape-changing
operation, or generator, divides the cube into 27
smaller, equal cubes and extracts seven cubes, one
from each facet and one from the center. Figure 2
shows the first two stages of the iterative application
of this operation. A Menger sponge is self-similar
because it can be broken down into arbitrary small
pieces, each of which is a small replica of the entire
structure. If the Menger sponge of a certain size is
reduced three times, then 20 copies of the reduced
sponge can be pasted together to give back the orig-
inal Menger sponge; a nine-times reduction requires
400 copies; a 27-times reduction requires 8000
copies, etc. In all self-similar objects, there is a rela-
tionship between the reduction factor R and the
number of pieces N into which the object is divided.
Those relationships follow a power law:

N=RDP» (1]

where the exponent D, is called the self-similarity, or
similarity, dimension. The value of Dy can be found
by equating logarithms of both parts in Eqn [1], i.e.,
Dy = —log(N)/log(R). For the Menger sponge, the
reduction factor is one-third Dy = —log(20)/log(1/3) =
—log(400)/log(1/9) = —log(8000)/log(1/27) =2.727.
The reduction factor refers to a single iteration; the
total reduction after i iterations is (1/3)".
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Figure 2 The first two iterations of the Menger sponge construction.

The self-similarity dimension receives a geometric
meaning when a fractal object is used as the model of
a real system, and geometric measures of this object
are equated to geometric measures of the system. In
this case, the measurement scale is the reduced length,
area, or volume of the initiator. For example, let
empty parts of the Menger sponge be used to simulate
pores in a porous medium at different measurement
scales. Let V, be the volume of the initiator. The
measurement scale is VoR®, the number of similar
pieces at this scale is N, and their total volume is:

V = NVyR? = VyR*> Ds 2]

As the measurement scale becomes finer and R de-
creases, the remaining solid volume decreases, ap-
proaching zero, and the pore volume approaches V.
Because the fractal object represents remaining mass
in this case, the dimension Dg is interpreted as the
mass fractal dimension. Depending on the scale-
dependent measure of interest represented by the spe-
cific fractal object or on a physical process simulated
by the generator, D, is interpreted as being the sur-
face fractal dimension, fragmentation fractal dimen-
sion, etc. Eqns [1], [2], and similar relationships hold
over a range of scales, i.e., they are scale-invariant
within this range. They are interchangeably referred
to as ‘scaling relationships,” ‘fractal scaling laws,” or
simply ‘scaling.’

A common way to reveal a fractal scaling is to plot
the measurement scale against the property of interest
in double-logarithmic, or log-log, scale. The presence
of a linear relationship indicates that a fractal model
may be appropriate to simulate the scale dependence
in the property. The fractal dimension can then be
found from the slope of the regression line. For exam-
ple, Eqn [2] in log-log scale can be transformed into:

logV =logVy + (3 — Dgs)logR (3]

and the fractal dimension Dy equals 3 minus the
slope of the regression line.

The iterative construction of ideal fractals con-
tinues ad infinitum, whereas natural objects have a
minimum and maximum observable scales, or lower
and upper cutoff scales beyond which Eqn [1]
breaks down. The value of the measure for the initi-
ator, for example the Vj value in Eqn [2], is not
known if the fractal scaling is only valid within a
specific scale range. Thus, four values — fractal dimen-
sion, upper and lower scale cutoff, and the initiator
measure — are parameters of a fractal model in soil
studies. Usually, the range of scales between cutoffs
does not exceed two orders of magnitude if scales are
expressed in units of lengths. The larger the fractal
dimension the more rugged is the surface, the more
irregular is the line, and the more complex is the pore
space.

Cutoffs typically coincide with changes in pro-
cesses causing or reflecting scaling; for example,
pore-space fractal scaling inferred from water reten-
tion data in the capillary range is limited by the water
content at wilting point and the water content at
which the macropores become emptied. The meaning
of the initiator measure is not currently well under-
stood, although concepts of topothesy, crossover
length, and lacunarity have been explored to interpret
this fractal parameter.

Fractal dimensions of geometric fractals have limits
reflecting space-filling properties. Straight line, plane,
and Euclidean space have dimensions one, two, and
three, respectively. A fractal line has its fractal dimen-
sion between one and two, i.e., it does not fill the
whole plane although the larger the fractal dimension
is the more rugged is the line and the closer it is to
occupy a part of the plane. Similarly, a fractal surface
has its fractal dimension between two and three.
Fractal dimensions of surface and volume fractals
theoretically cannot exceed three.

Ideal geometric fractals as in Figure 2 cannot be
found in real porous media in the same way as cannot
be found ideal geometric lines, spheres, cylinders, etc.
Applying random changes in the generator procedure
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results in constructing stochastic fractals that look
much more like fractals in nature. Because random
changes are applied, various realizations of stochastic
fractals with the same initiator and generator differ.
Stochastic fractals retain the important feature of
dependence of geometric properties on a measure-
ment scale, only this feature is preserved in a statistical
sense. This means that Eqn [1] will not hold exactly
for any realization of stochastic fractals at any meas-
urement scale. Nevertheless, a plot of the measure-
ment scale versus the property of interest in log-log
scale is close to linear for each realization of a stochas-
tic fractal, and statistical hypotheses of equality be-
tween average slope values and average intercept
values for any two realizations cannot be rejected.
Realizations of stochastic fractals are statistically
similar.

Data on surface roughness, topography, and distri-
butions of properties along spatial transects do not
follow the self-similarity law (Eqn [1]), but demon-
strate another, anisotropic type of scale-dependence,
‘self-affinity.’ Self-similar fractals are isotropic, which
means that, in two-dimensional xy space, f(x,y) is
statistically similar to f(Rx,Ry) where R is a reduction
factor. Self-affine fractals are anisotropic, which
means that in the two-dimensional xy space, f(x,y) is
statistically similar to f(Rx,R"y) where H is called the
Hurst exponent. That is, changing the horizontal
measurement scale R times corresponds to changing
the vertical measurement scale R™ times. High values
of the Hurst exponent indicate some memory or
autocorrelation in the data. Low values suggest an
anticorrelation or self-correcting response. Self-affine
surfaces are observed in three dimensions, so that the
vertical scale has to be decreased R' times and scales
in horizontal directions have to be decreased R times
to obtain a statistically similar surface. The fractal
dimension of this surface is Dy =3 — H. A line formed
as a cross-section of any fractal self-affine surface and
a vertical plane also displays self-affine properties.
This line will have a fractal dimension Dy, related to
the Hurst exponent H as:

DL=2-H 4]

The value of Dy is easy to interpret with elevation
data. Any two consecutive height variations are likely
to have opposite signs when the fractal dimension Dy
is larger than 1.5 at any particular scale. Any two
consecutive height variations are likely to have the
same sign when the fractal dimension Dy is less than
1.5 (Figure 3).

Multifractals present yet another example of self-
similar geometric objects that have been successfully
applied to simulate properties of soils and other

(a)

(b)

(@]

Figure 3 Self-affine fractal lines: (a) fractal dimension D_ =1.8;
(b) DL=1.5; (c) D_=1.2.

natural systems. Unlike the Menger sponge, in which
the similarity of structure persists across iterative
steps, multifractals are generated by cascade pro-
cesses that create more heterogeneity as the resolution
decreases. An example of a cascade process is shown
in Figure 4. A unit-length segment is the initiator. The
reduction factor is 2, and random split of each seg-
ment from the previous step into two new segments
occurs as the generation progresses. The random-split
variable ranges from 0 to 1, with a mean value of 0.5.
The distributions of lengths are monofractal if the
distribution of the random-split variable does not
change from one scale reduction to another. However,
if the variance of the random-split variable decreases
as the generation continues, the distributions become
multifractal. Distinguishing between monofractal
and multifractal distributions can be based on
considering statistical moments about zero:

A
E[W9) = = 5]
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Figure 4 Generating multifractal-size distribution with a

cascade process.

where g is the order of the statistical moment, W is
the scale-dependent measure, and 2 is the total
number of measurements. Multiscaling requires that:

E[Wq] = RM9E[(Wp)] 6]

where K is the scaling exponent, Wy is the measure at
the measurement scale zero, and Wy is the same
measure at the scale changed R times. If K(g) is pro-
portional to the moment order g, then the scaling is
called ‘simple scaling.” If K(g) is a nonlinear function
of g, scaling is interpreted as multiscaling or multi-
fractal.

Various other types of fractal objects can be gen-
erated that are suitable to simulate scaling in soil
properties. Scaling exponents and fractal dimensions
have different meanings for those objects, because the
construction algorithms are different.

Physical Models of Emerging
Fractal Scaling

Many physical processes have been shown to generate
fractal scaling. Some of them are relevant to soil
development and functioning, and the correspondent
fractal models are being applied to soils. One example
is the scale-invariant fragmentation that leads to de-
pendence between the number of fragments and their
size:

Ny = kr D 7]

where 7 is the fragment radius, N, is the number
of fragments having radii less than 7, k is a constant,
and Dr is the fragmentation fractal dimension. The

Figure 5 Diffusion-limited deposition of particles on a surface.

incomplete fragmentation process has the fractal di-
mension that can be related to density-size scaling of
soil aggregates and appears to be the mass fractal
dimension.

Agglomeration on a substrate can also generate
fractal structures. Particles may arrive at the surface
by random diffusion or with ballistic energy. They
may either just stick together as they touch each
other or there is a chemical reaction involved which
may change the local concentration gradient and
sticking probability. Allowing particles to walk ran-
domly until they strike the surface or another particle,
which is already motionless, builds the fractal
coating. An example of diffusion-limited deposition
on a substrate is shown in Figure 5. Clusters are
formed, and the fractal dimension of such clustering
can be measured by log-log plotting the total number
of particles as a function of distance from the surface.
The fragmentation dimension appears to be close to
the surface fractal dimension computed for pores if
particles have a fractal-size distribution following the
fragmentation law (Eqn [7]) and their sedimentation
is simulated as a ballistic process of agglomeration on
a substrate (Figure 6). The number of particles in a
cross section of fractal agglomerate on a surface can
be interpreted as a solute concentration, and the ag-
glomerate can be viewed as a model for the distribu-
tion of solute particles in a porous medium (Figure 7).
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Figure 6 Consecutive stages of particle sedimentation simulated with a ballistic deposition algorithm; particle-size distribution was
derived from the fractal fragmentation model. Reproduced with permission from Ghilardi P, Kai AK, and Menduni G (1993) Self-similar
heterogeneity in granular porous media at the representative elementary volume scale. Water Resources Research 29: 1205-1214.

Random motions of large numbers of particles can
cause fractal scaling in the particle ensemble charac-
teristics. In particular, the fractal Brownian motion
can be an underlying generator of data sequences
that demonstrate self-affine scaling with the Hurst
exponent H# 0.5 and Dy # 1.5 in Eqn [4]. Values of
H < 0.5 are often related to the presence of correlated
structural units in soil structure at different scales.

Measuring Fractal Parameters of Soils

Both direct and indirect measurements of geometric
quantities are in use in soil studies. Indirect, or proxy,
geometric measurements are very common. Nongeo-
metric values are converted into geometric values
using a physical model thought to be approximately
valid in soils. For example, capillary pressures are
converted into radii using capillary models, masses
of adsorbed molecules are converted into area values
using a molecular monolayer model, sedimenta-
tion time is converted into particle radii using the
Stokes law, etc. With both direct and proxy measure-
ments, methods of determining fractal parameters
differ mostly in the way of changing the measurement
scale.

Direct Geometric Measurements

The divider method is the first method applied to
estimate the fractal dimension of self-similar lines in
nature. The compass dividers are set to a specific stride
length (measurement scale) as shown in Figure 1, and
then the line is walked along. The fractal dimension is
one minus the slope of the log(length)-log(scale) plots.
Figure 8 shows boundaries of the fingers appearing at
the wetting front in layered model soil systems that
have been measured with various stride lengths, and
the values of fractal dimension were successfully
related to the distance of the finger penetration.

The box-counting method is based on covering
the studied area with grids of different mesh sizes A
and, for each mesh size, counting the number of grid
squares Np that include the studied line. The de-
pendence between Ny and A follows a power-law
relationship:

Np oc A™Prs 8]

if the line is fractal; and Dy p is the Kolmogorov
dimension which approximates the fractal dimension
of the line. The box-counting method is applicable to
complex outlines and to branching lines (Figure 9).
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Figure 7 Comparison between the diffusion-limited aggrega-
tion model predictions and experimental data on bromide trans-
portin layered soil. No comparison can be made at a microscopic
scale of 0.2cm representing the grid at which particles have
traveled in simulations. At the field observation scale of approxi-
mately 10cm, random distributions of solute concentrations in
simulations and in experiment are difficult to compare. Mean
concentrations averaged horizontally across the 1.4 x 1.4-m plot
compare satisfactorily. Reproduced with permission from Flury
M and Flihler H (1995) Modeling solute leaching in soils by
diffusion-limited aggregation: basic concepts and application to
conservative solutes. Water Resources Research 31: 2443-2452.

Fractal dimensions can also be computed for lines
defined as boundaries in images originating, for
example, from soil thin sections or from remote
sensing data. There is more uncertainty in defining
fractal parameters with data on lines from imagery,
because lines are defined by separation of two phases.
Separation of two phases is based on a subjectively
selected threshold between two ranges of bright-
ness, and a noise which is always present in imagery
can result in a rougher apparent boundary. Box-
counting is applicable to such data. Progressive

2 Oakley sand
MM

S e s
W

Quartz sand

Figure 8 Infiltration and movement of water in quartz sand
beneath Oakley sand. Each contour outlines the wetted area.
Numbers at the contours show the time from the beginning of
infiltration (minutes). Measurement of the contour lengths has
been made with the divider. The divider stride length was varied
from 1 to 18cm for each of the contours, and the line fractal
dimensions were computed from relationships between the
measured contour length and the divider stride used as the mea-
surement scale. Values of fractal dimensions were in the ranges
from 1.007 to 1.09 and from 1.31 to 1.42 before and after the front
reached the boundary between layers, respectively. Reproduced
with permission from Chang WL, Biggar JW, and Nielsen DR
(1994) Fractal description of wetting front instability in layered
soils. Water Resources Research 30: 125—-132.

coarsening of images is yet another way to observe the
line at different scales and to compute the Kolmogorov
dimension.

Erosion- and dilation-based techniques are also
used with lines from images. Dilation adds any back-
ground pixel that touches the line, while erosion
removes any pixel that touches the background.
Performing each of these operations M times and
counting pixels that are affected as a function of M
produces a plot whose slope in log-log coordinates
gives the Minkovsky dimension that approximates
the fractal dimension Dj.

Self-affine lines require different techniques to esti-
mate the Hurst exponent and the fractal dimension.
The Korcak method consists in making a cumulative
plot of the number of intercepts as a function of
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Figure 9 Box-counting to estimate fractal dimension of the root system for a maize plant grown in boxes 1.2 m long, and 0.05 m wide.
Roots cross 198 grid cells in the 16 x 16 grid and 554 cells in the 32 x 32 grid. From those two measurements, the Kolmogorov
dimension is D g= —log[Ng(16)/Ng(32)]/log[(1.2/16)/(1.2/32)] = —log(198/554)/log(2) = 1.484. Reproduced with permission from
Eghball B, Settimi JR, Maranville JW, and Parkhurst AM (1993) Fractal analysis for morphological description of corn roots under

nitrogen stress. Agronomy Journal 85: 287—-289.

lengths for any arbitrarily selected horizontal line.
A log-log plot of the number of distances that exceed
a value x as a function of x has a slope that is exactly 1
less than the fractal dimension of the profile. The
semivariogram method is based on quantifying the
spatial structure in a self-affine line using the de-
pendence between variability in measurements and
the distance between the measurement points. The
semivariogram -y is computed as:

LS Z) - 2+ )

1) =5 9]

where Z is the observed point on the self-affine line,
e.g., elevation, b is the distance between observation
points, interpreted as a measurement scale in this
case, and my, is the total number of pairs of points
separated by the distance b. For a self-affine line:

v o b [10]
and the log-log plot of » versus « provides the value of
H and Dy from Eqn [4], as shown in Figure 10.

The power-spectrum method is based on Fourier
analysis. Squared coefficients of the Fourier expan-
sion, or magnitudes, are plotted against frequencies
in log-log scale. The slope 3 of the linear regression
line is related to the fractal dimension of the line as
Dy =2+ /2. This method can also be applied to
measure the fractal dimension of surfaces Dy, as
Dy= 3+ /2 (Figure 11).

Roughness-based methods are also applied to esti-
mate fractal parameters of lines and surfaces. In the
absence of a spatial trend, variances of the property in
question are computed for different measurement

100 3 Laboratory pan study
3 Soil: Manor (Howard, MD)
7 Moisture: air dry
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Figure 10 Changes in the semivariogram of soil surface eleva-
tionandinsurface fractal dimensions caused by simulated rainfall.
Thetilted laboratory pan was filled with surface soil (coarse loamy,
micaceous, mesic Typic Dystrochrept), and the surface topog-
raphy of the central pan area of 0.54 x 0.6 m? was digitized with
laser scanner before and after rain events. Surface fractal dimen-
sions are 2.51, 2.83, and 2.68 before rain, after 63 mm of rain, and
after 155 mm of rain, respectively. The lower and the upper cutoff
values of the fractal scaling in this case are 0.6 mm and 10 mm,
respectively. Reproduced with permission from Huang C and
Bradford JM (1992) Applications of a laser scanner to quantify soil
microtopography. Soil Science Society of America Journal 56: 14-21.

scales. This is best done by placing many windows
of the same width w (or area) on the data, either
systematically or randomly, and calculating the
mean value of the standard deviation for multiple
windows. The procedure is repeated with windows
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Figure 11

Application of the power-spectrum method to estimate surface fractal dimensions of soil basic properties in an area within

the Little Washita watershed, OK, USA: (a) 44 individual soils defined from the MIADS data set for 200 m x 200 m pixels within the area;
total number of pixels was 93 x 225; (b) map of clay content defined for each soil as the average value over the range given by soil
survey; values of sand and organic carbon contents, and cation exchange capacity were defined for each pixel analogously; (c) power
spectra developed for soil basic properties using their pixel values; the upper cutoff of fractal scaling is approximately 7 km, the lower
cutoff is the pixel size of 200 m for all shown properties; estimated surface fractal dimensions are 2.68, 2.71, 2.79, and 2.68 for clay
content, sand content, cation exchange capacity (CEC), and organic carbon (Org. C) content, respectively.

of different sizes, and the standard deviations are
plotted against the window size in the log-log scale.
The slope of the regression line added to 2 or 3
gives an estimate of the fractal dimension for the
line or surface, respectively. One implementation of
roughness-based methods consists in removing the
linear trend in data within the windows and comput-
ing the root-mean-square (RMS) of residuals, or
‘roughness,’ as:

RMS:i

Ny 4

where #,, is the total number of windows of length w
in the data, m; is the number of points in the ith
window, and ¢;; is the residual of the linear regression
in the jth data point in the /th window. The window
size serves as a measurement scale.

The area-perimeter, or slit-island, method can be
used to find fractal parameters of complex outlines
that can be seen in soil thin sections. This method
does not require perimeter measurements with differ-
ent step length but, instead, requires measurements
of area and perimeters of the outlines. The fractal
dimension of the irregular outlines, Dy, representing

either particles or pores, is included in the relationship
between area A and perimeter P:

P o APL/2 [12]
Results of applying this relationship to thin-section
images of soils under different long-term management
are shown in Figure 12.

The number of visible macropores Ny, that have
radii larger than 7 often scales as Ny o7 ™, and
fractal parameters of this scaling can be found from
a log-log plot.

Proxy Measurements

Data on adsorption of molecules of different sizes
reveal probing irregularity of surfaces at different
scales, as shown in Figure 13. Assuming that mo-
lecules form a monolayer, one can use the molecule
radius r as a measurement scale and relate the number
of molecules N, needed for monomolecular coverage
of a fractal surface to the molecule radius as:

Ny oc 7 [13]
where Dy is the surface fractal dimension. The area of
the monomolecular coverage of spherical particles is
A, = 47r*N,, and it changes with the radius of the



94 FRACTAL ANALYSIS

108 T . . . . : . .
Conventional
102 T
D, =1.48

Manure

10!
100

1071

1072

Perimeter (mm)

102
101
100

1071

1072 s .I " " s N I s N
10° 10 10% 102 10" 105 10 10°3 102 10" 10°
Area (mm?)

Figure 12 Fractal dimensions of pore outlines from thin section
images for the Comly silty loam soil in plots where nitrogen was
supplied from conventional fertilizer sources, manure, legumes,
and in uncultivated plots under grasses where no nitrogen has
been supplied. All plots were included in the experiment for
11years. Small pores with areas less than 10°m? had fractal
dimension D; between 1.06 and 1.12; pores with areas exceeding
10~° m? had fractal dimension D, between 1.42 and 1.51. The value
of D, is larger in samples from the legume plots than in samples
from other plots. The cutoff between two linearity ranges corres-
ponded to the boundary between vuggy and rounded pores. Re-
produced from Pachepsky YA, Yakovchenko V, Rabenhorst MC,
Pooley C, and Sikora LJ (1996) Fractal parameters of pore sur-
faces as derived from micromorphological data: effect of long-

term management practices. Geoderma 74: 305-325.

molecule as A,, o< #2725, The value of D,>2 and an
increase in 7 is followed by a decrease in the area
which is faster than 7* because of the appearance of
large caverns, as shown in Figure 13. The value of N,
can be estimated from the classic Brunauer-Emmett—
Teller (BET) equation or from its modifications for
fractal surfaces.

Isotherms of adsorption on fractal surfaces can be
used to estimate fractal parameters when adsorption
data for a single adsorbate are available in the range of
relative pressures close to saturation. A fractal analog
of the Frenkel-Halsey—Hill isotherm equation is:

D3
n o (—ln E)
Po

Here # is the adsorption and p/p, is the relative pres-
sure. The measurement scale is the mean radius of the
liquid—vapor interface, r;, which is calculated from the
Kelvin equation:

[14]

20V,
=
RT(—In P_o)

7i

[15]

L)

Figure 13 The molecular accessibility of a rough surface
depends on the molecule size: larger molecules contact a surface
that is much smaller than that contacted by smaller molecules.

where R is the gas constant, T is the temperature
(Kelvin), o is the surface tension of the liquid adsorb-
ate, and V,, is the molar volume of the liquid ad-
sorbate. Eqn [14] was derived by assuming the
sequential filling of pores from small to large, that is,
capillary condensation-type local adsorption iso-
therm. Eqn [14] is used with data obtained for p/
po>0.7. A different model for calculating the fractal
dimension D from the adsorption isotherm data re-
flects the idea that a surface is smoothed by
the adsorbate, and the surface of the adsorbent
covered with an adsorbate is smaller than the surface
of the uncovered adsorbent. The area A; of the ‘con-
densed adsorbate-vapor’ equilibrium interface is
obtained as:

A= R—TJ ™ Cn P )dn [16]

o Ju Po

Here 71, is the maximum adsorption, # is the ad-
sorption corresponding to the value of A;. The fractal
scaling law relates the area to the mean radius of the
interface (Eqn [15]), and the resulting equation is:

D,-2
A; x (—ln E)
Po

Both Eqn [14] and Eqn [17] are represented by
straight lines in log-log coordinates, and slopes give
values of the surface fractal dimension as shown in
Figure 14. A caution has to be exercised in interpreting

[17]
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Figure 14 Fractal scaling in water vapor adsorption measured in samples of Udic Argiboroll, Moscow region, from four plots where
a long-term experiment on grassing arable land had been carried out for 12 years: (a) Eqn [14], (b) Eqgn [17] applied. Circles, no
harvesting, no fertilization; squares, no harvesting, 60kg NPK annually; triangles, harvested, no fertilization; inverted triangles,
harvested, 60 kg NPK annually. Values of the surface fractal dimension Dg are in the range 2.75-2.85. Removal of carbohydrates has
resulted in an increase in Ds. Differences in management practices did not affect values of Dg in the scale range studied, whereas the
monolayer capacity was affected. Reproduced from Hajnos M, Korsunskaia LP, and Pachepsky YA (2000) Fractal dimensions of soil
pore surfaces in a managed grassland. Soil and Tillage Research 55: 63—70.

values of fractal dimensions obtained with adsorption
because of specific interactions of the adsorbate mol-
ecules with soil-pore surfaces.

The mercury porosimetry and water desorption
are both used to estimate mass or surface fractal
dimension of soil from the scaling relationship:

dv

4 X7
Here Vis the pore volume not yet filled by the intrud-
ing mercury or occupied by water, 7 is the mean pore
radius serving as the measurement scale and estimated
from the pressure values with the Laplace equation
for capillaries. Selection of the geometric model of
fractal medium determines whether D is an estimate
of the surface or the mass fractal dimension.

Light, UV, and X-ray scattering have been applied
to study fractal dimensions of organic substances
in soils. Measurements with the single wavelength
take advantage of the scaling dependence of the
intensity of the scattered radiation I on scattering
vector Q:

2-D [1 8]

1(Q) xQ* [19]
where the scaling exponent s is equal to the mass fractal
dimension D, if the object is the mass fractal, and
s=6—Dif the object of the study is the surface fractal.
Measurements with multiple wavelengths relate the
turbidity 7 of a suspension to the wavelength X\ as
the measurement scale:

T oc (NS 20]

where S is the scaling exponent, 6 is the value specific to
the structure of organic molecules, § = —0.2 for humic
substances. Values of S less (or greater) than 3 imply the
presence of the mass (surface) fractal. Log-log plotting
wavelength versus turbidity results in straight lines
with slopes related to fractal dimensions, as shown in
Figure 15.

Measurements of mass are used to estimate the
number of particles in fragmentation scaling (Eqn [7]).
The number of particles in the radius range 7; to ;4
is found as M/Cp#>, where M is the total measured
mass of particles, p is the particle density, C is the
constant reflecting the deviation of particle shapes
from sphere, and 7 is the characteristic radius of
particles in the range 7—7;1:

Dy 7 Pr 37 Dr
L = Dp#3
3—Dg rDF — rDF
7= 3l i i-1 [21]
MJDF -3

L]

Transport Processes

The relationship between parameters of the transport
and fractal parameters of soil-pore surface or pore
space depends strongly on specifics of the fractal
medium model. Such detailed models are rarely avail-
able in soil studies, and data on transport are rarely
used to infer fractal parameters of soils. Instead, the
transport of solutes, colloids, and microorganisms in
soils is viewed as a fractal process in which either
distances of particle movement or waiting times for
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Figure 15 Fractal scaling in dependencies of turbidity 7 on
wavelength \ in aqueous suspensions of humic acid from Elliot
silt loam: (a) at pH 7 after various equilibration times; (b) at
various pH values after 24 h equilibration. Fractal dimensions
decrease from 2.08 to 1.45 as pH grows from 3 to 7 and morphology
of the humic particles becomes less irregular. Reproduced with
permission from Senesi N, Rizzi FR, and Acquafredda P (1996)
Fractal dimension of humic acids in aqueous suspensions as
a function of pH and time. Soil Science Society of America Journal 60:
1773-1780.

particles to move have power-law distributions reflect-
ing fractal-like scaling in time or in space. This type of
distribution manifests itself in a dependence of disper-
sivity and diffusivity on the distance from the source of
particles participating in transport. Using fractional
derivatives and equations of fractional kinetics shows
a promise in simulating fractal transport.

Uncertainty in Measuring Fractal Parameters

While it is true that soil is not made up of spheres and
straight lines, it is also true that soil is far from being
precisely fractal. Rather it is hoped that fractal models
may lead to a more accurate description of soil in
process models than methods of classic geometry.
However, relationships of fractal geometry can be
only approximately true in soils. Different methods

of characterizing scaling lead to different results even
for ideal geometric fractals. Values of fractal pa-
rameters obtained by different methods should never
be compared for soils. Using proxy measurements
creates additional uncertainty, since ideal shapes
are assumed to convert nongeometric to geometric
measures.

A computational uncertainty also exists in selecting
the range of measurement scales in which the fractal
scaling is valid. Cutoff values have to be included in
the fractal parameter estimation procedure along
with slope and intercept of the linear regression used
to estimate the fractal dimension and the initiator
measure.

The Use of Soil Fractal Parameters

The major contribution that fractal geometry can
make to a description of soil is a general, simple,
and succinct representation of complex structure by
a small number of fractal parameters. Fractal param-
eters are complementary to other soil parameters.
Changes in fractal parameters along with changes in
other soil parameters reflect effects of soil manage-
ment and ecosystem functioning on soil properties.
Relationships between structure-dependent different
soil properties can be derived from a fractal model
when it is selected. Relations between hydraulic con-
ductivity and water retention give one such example.
Fractal analysis can help to suggest an iterative process
that has caused the observed ‘property-size’ distribu-
tion. Cutoffs of the fractal scaling range indicate the
change in processes causing the scaling or the change
in the performance of a measurement device. They
are useful in defining the representative elementary
volume or area.

The presence of fractal scaling provides simple
ways to simulate soil structure and structure of soil
cover. Multiple realizations of such simulations create
synthetic data essential to study the effect of soil
variability on the performance of new measurement
techniques for determining soil properties. It has been
found in several research fields that fractal features
arise as a result of underlying chaos. Growing interest
in the predictability of soil behavior in a changing
environment may induce the search for chaos in
soils in order to relate it to observed fractal scaling
in soil properties. Some time series in soil exhibit
scaling properties and can be analyzed using fractal
models. Data-intensive sensor technologies such as
remote sensing imagery and laser altimetry are be-
coming more common in soil studies. Fractal-based
data analysis techniques can be used to compress
these observations into a small number of parameters
for comparison and classification purposes.
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Fractals should never be considered as an ultimate
model of heterogeneity in the soil system. Rather they
provide a balance between accuracy and clarity that
may aid us in gaining insight into sources and conse-
quences of the observed soil complexity. Eventually,
once a greater insight into key processes is obtained,
we expect causes of the apparent fractal scaling to be
revealed and quantified.

List of Technical Nomenclature

B Slope of the regression line of wave
number versus the power spectrum

y Semivariogram
A Grid mesh size (m)
€; Residual of the linear regression in the

jth data point in the ith window

A Wavelength (m)

o Surface tension of the liquid adsorbate
(Nm™?)

T Turbidity (m)

A Pore outline area (m?)

A Area of the ‘condensed adsorbate-vapor’

equilibrium interface

A Area of the monomolecular coverage of
spherical particles (m?)

D Fragmentation fractal dimension

Dy, Line fractal dimension

Dy g Kolmogorov dimension

D, Mass fractal dimension

Dg Surface fractal dimension

D, Self-similarity dimension

E Statistical moment about zero

H Hurst exponent

b Distance between observation points (m)

I Intensity of the scattered radiation
(molm—2s71)

K Scaling exponent

M Number of erosion—dilation operations

m; Number of points in the ith window

N Number of pieces into which the object

is divided
n Adsorption (molkg™?)

Ng Number of squares Ny through which
any part of line passes

Nm Number of visible macropores

N, Number of molecules needed for mono-
molecular coverage of a surface

Ny Maximum adsorption (mol kg ")

N; Number of fragments

My Total number of windows of length w

P Pore outline perimeter (m)

P Partial pressure (N m™2)

Do Partial pressure at saturation (N m™?)

[0} Scattering vector (m™?)

q Order of the statistical moment

R Reduction factor

R Gas constant (Jmol 1 K™1)

r Radius of fragment, particle, molecule,
pore (m)

7 Mean radius of the liquid—vapor interface

RMS Root-mean-square of residuals

s, S Scaling exponent

T Temperature (K)

Vo Volume of the initiator (m?)

Vin Molar volume of the liquid adsorbate
(m>mol™1)

w Scale-dependent measure

w Window length (m)

X,y Cartesian coordinates (m)

V4 Observation on a self-affine line
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Introduction

Soil freezing and thawing are of economic importance
and can be an environmental concern in cold regions,
because these processes influence erosion, runoff, and
greenhouse gas emissions. Soil freezing and thawing
are typically confined to latitudes greater than 40° in
the Northern and Southern Hemispheres and are
largely governed by atmospheric conditions. Soil
freezing and thawing are also influenced by surface
characteristics such as amount and orientation of
crop residues, depth and type of tillage, and snow
cover. Soil and crop residue management can there-
fore influence the occurrence of freezing and thawing.
Management practices that result in little residue
cover, soil consolidation, or a thin snow pack gener-
ally hasten soil freezing in the autumn and soil
thawing in the spring. In cold regions, plastic and
bituminous mulches are applied to soil to enhance
solar radiation absorption and thus expedite soil
thawing or prevent soil freezing.

Global Significance

Soil freezing and thawing are confined to latitudes
greater than approximately 40° in the Northern
and Southern Hemispheres. Soils in tropical and

Perfect E and Kay BD (1995) Applications of fractals in soil
and tillage research: a review. Soil and Tillage Research
36: 1-20.

Russ JC (1994) Fractal Surfaces. New York: Plenum Press.

Senesi N (1996) Fractals in general soil science and in soil
biology and biochemistry. In: Stotzky G and Bollag J-M
(eds) Soil Biochemistry, vol. 9, pp. 415-472. New York:
Marcel Dekker.

Turcotte DL (1996) Fractals and Chaos in Geology and Geo-
phyisics. Cambridge, MA: Cambridge University Press.

subtropical regions rarely freeze, except at high ele-
vations. The latitudinal zone of ephemeral frost, be-
tween the latitudes of approximately 40° and 60°,
encompasses regions of seasonally frozen soil. These
soils remain frozen for 1 to more than 180 days, go
through a single to as many as 100 freeze-thaw
cycles, and completely thaw during some portion of
the annual cycle. Ephemeral frost occurs in regions
typified by continental, marine, and highland cli-
mates. Permafrost typically occurs at latitudes greater
than 60°; soils at these high latitudes are some of the
least productive in the world due to factors such as
low fertility and poor profile development. Dry and
cold growing seasons also limit crop adaptation and
production in permafrost regions. Although seasonal
freezing and thawing occur in permafrost (often re-
ferred to as the active layer), such events are generally
singular during the annual cycle.

Freezing and thawing are important processes that
affect the quality and productivity of soil resources.
These processes modify soil properties such as ther-
mal conductivity, electrical conductivity, hydraulic
conductivity, infiltration, density, shear strength,
penetrability, porosity, aggregate stability, and struc-
ture. Changes in these properties influence soil water
content and availability, nutrient availability, erosion,
trafficability of soils, rooting density and distribution,
and growth and productivity of agricultural crops.
Freezing and thawing also affect the population and
diversity of soil microorganisms and fauna. These
organisms can be beneficial for enhancing soil aggre-
gation and hastening the decomposition of organic
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material in soil. Many soil organisms are able to
survive subfreezing temperatures by supercooling and
entering freeze-resistant stages or by migrating to
regions within the soil profile that remain unfrozen.

Water resources are affected by freezing and
thawing as a result of redistribution of water within
the soil profile or by changes in the rate of infiltration
of water into soil. Redistribution of water in the
profile occurs in response to water potential gradients
that arise as soils freeze. Water migrates from regions
of high water potential (a large amount of liquid
water in the soil matrix) to regions of low water
potential (a small amount of liquid water in the
matrix) in the soil profile. This phenomenon is an
important mechanism by which recharge occurs in
the upper portion of the soil profile due to water
migration from wet, unfrozen subsoil to the advan-
cing freezing front. Frozen soil impedes infiltration
and thereby enhances runoff. Runoff may carry sedi-
ment and nutrients that degrade water resources.
Freezing and thawing can also influence the availabil-
ity and quality of water resources due to the creation
of large vertical fractures within the soil profile.
These fractures, created by freezing-induced shrink-
age stresses, allow for rapid infiltration of surface
water and recharge of groundwater. Water flowing
through these fractures may be laden with chemicals
that contribute to the degradation of groundwater
resources in cold regions.

Soil freezing can influence the air quality in cold
regions. Freeze-drying of soil during winter results in
the breakdown of aggregates into particulate matter;
the finest fraction of this particulate matter is subject
to transport by wind. Fine particulate matter in the
atmosphere, resulting from wind erosion, adversely
affects human health. Freezing and thawing also influ-
ence greenhouse gas emissions. During winter, emis-
sion of these gases is constrained by the relatively
impervious frozen soil layer. As soils thaw during
spring, however, emission of greenhouse gases is ac-
centuated by either saturated conditions in the top soil
(favors nitrous oxide emission) or a burst in microbial
activity (favors the emission of carbon dioxide).

Guiding Principles

The frequency and rapidity of soil freezing and
thawing are largely governed by atmospheric condi-
tions. Solar radiation and air temperature determine
to a great extent the quantity of energy available to
modify soil temperatures. Soil freezing is generally of
greater risk at locations with lower seasonal insola-
tion or high elevation. In addition, soil surface char-
acteristics also affect the frequency and rapidity of
soil freezing and thawing. Surface characteristics such

as soil roughness and crop residue cover influence the
rate of heat exchange between the soil and atmos-
phere and thus soil freezing and thawing. Soil and
crop residue management is therefore important
in determining the frequency and duration of soil
freezing and thawing.

Freezing and thawing of soil subject to tillage and
residue management practices in cold regions are
governed by the heat and water balance of the snow
pack, residue layer, and soil (Figure 1). The change in
the physical state of the soil is largely driven by at-
mospheric conditions. Atmospheric conditions such
as solar radiation, wind, humidity, air temperature,
and precipitation determine to a large extent the
amount of energy and water available for heating
and evaporative processes at the exchange surface
(snow, residue, or soil). Net heat flow must be bal-
anced by heat storage or phase change within a freez-
ing or thawing snow-residue—soil system. In addition,
net water flow must be balanced by an increase or
decrease in water stored within the system. Heat and
water flow processes are intimately related in a freez-
ing or thawing snow-residue—soil system. Within the

Undisturbed soil

Figure 1 Exchange processes within a snow-residue-soil
system governed by solar radiation, air temperature (T,), relative
humidity (rh), wind speed (u), and precipitation.
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snow pack, water and water vapor influence heat
transfer according to:

8(kspoToz )6z~ = Ci6T6t ™" + pLbrwsst™"
+ Ly(6p,6t™" + 6,627 1) =S [1]

where kg, is thermal conductivity of snow, T is tem-
perature, z is depth, C; is volumetric heat capacity of
ice, t is time, p is density of liquid water, L¢ is latent
heat of fusion, w; is volumetric liquid water fraction,
L, is latent heat of sublimation, p, is water vapor
density, g, is water vapor flux, and S is an energy
source or sink. Equation [1] indicates that any differ-
ence in heat flow between the upper and lower
boundary of the snow pack (the term on the left
side of the equality sign in eqn [1]) must be accounted
for by heat storage (first term on the right side of
eqn [1]), latent heat associated with phase changes
(second, third, and fourth terms on the right side of
eqn [1]), or an energy source or sink such as solar and
long-wave radiation (fifth term on the right side
of egn [1]).

In the residue layer, heat flow is influenced by water
flow according to:

§(k6Téz )6z = C6Téz ' + LyE - § 2]

where k, is the combined conduction—convection heat
transfer coefficient for crop residue, C, is volumetric
heat capacity of crop residue, L, is latent heat of
vaporization, and E is rate of evaporation from the
surface of residue elements to void spaces between
elements. Equation [2] indicates that any difference in
heat flow between the upper and lower boundary of
the residue layer (term on the left side of the equality
sign in eqn [2]) must be accounted for by heat storage
(first term on the right side of eqn [2]), latent heat
associated with evaporation (second term on the right
side of eqn [2]), or an energy source or sink (third
term on the right side of eqn [2]).

In the soil profile, water flow in response to water
potential gradients creates an additional complex-
ity in describing heat flow. This complexity arises
due to thermal advection that accompanies water
flow. Heat flow within a freezing and thawing soil is

described by:
8(ksdToz )62t = C6T6t™! — p,Li66; 5t
+ Ly (6p,6t" + 6qy6271)
— Co(qT)é6z 1 =S 3]
where kq is thermal conductivity of soil, C, is volu-
metric heat capacity of soil, p; is density of ice, 6; is

volumetric ice content, C; is volumetric heat capacity
of water, and ¢ is liquid water flux. Equation [3]

indicates that any variation in heat flow within the
soil profile (term on the left side of the equality sign in
eqn [3]) must be accounted for by heat storage (first
term on the right side of eqn [3]), latent heat associ-
ated with phase changes (second, third, and fourth
terms on the right side of eqn [3]), advection associ-
ated with soil water flow (fifth term on the right side
of eqn [3]), or an energy source or sink (sixth term on
the right side of eqn [3]).

The composition and structure of the uppermost
exchange surface will govern heat and water flow
processes at the surface and therefore influence the
state of the soil system. Soil and crop residue manage-
ment can modify heat and water flow processes at the
upper surface by altering snow cover, residue layer
thickness and orientation, or depth of the tilled soil
layer. In addition, soil amendments can influence heat
and water exchange processes at the soil surface and
thus freezing and thawing.

Tillage Practices

Tillage is most often used to prepare seedbeds and to
control weed infestations. Tillage can also be used
to alter the physical properties at the soil surface to
control erosion. In cold regions, tillage practices that
hasten soil warming during spring are most desirable.
Soil warming can be accomplished by reducing the
amount of crop residue on the soil surface or by
roughening and darkening the soil surface. Removing
crop residue or roughening the soil surface maximizes
solar radiation absorption and thus the amount of
energy available to warm soil. For more than a quar-
ter of a century, no-tillage has been advocated for
reducing wind and water erosion on agricultural
lands. This practice, however, retards soil warming
during spring due to the insulating effect of crop
residue on the soil surface. Therefore, no-tillage is
seldom a viable and sustainable option in cold,
humid regions.

Tillage practices in common use throughout the
world include no-tillage, strip tillage, ridge tillage,
moldboard plowing, and various forms of reduced
tillage using chisels, sweeps, and disks. The soil
microclimate created by any one tillage practice will
be quite different from that created by other tillage
practices due to the effect of tillage implements on
crop residue cover and soil disturbance. Any type of
tillage practice results in partial burial of crop resi-
dues as well as reduction of soil density within the
tilled zone. A reduction in residue cover removes the
protective insulation at the soil surface and thereby
enhances the likelihood of more frequent and rapid
soil freezing and thawing. The rapidity of soil freezing
and thawing as influenced by tillage practice is
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Figure 2 Ice content during winter of a soil subject to autumn

chisel plow (thick line) and no tillage. (Adapted from Grant RF,
Izaurralde RC, and Chanasyk DS (1995) Soil temperature under
different surface managements: testing a simulation model.
Agricultural and Forest Meteorology 73: 89—113 with permission.)

portrayed in Figure 2 by the change in ice content of
soil during the autumn and spring. More rapid for-
mation or disappearance of ice is apparent in a soil
subject to autumn tillage versus no tillage. Therefore,
no-tillage retards cooling of the soil during autumn
and warming of the soil during spring as compared to
other tillage practices.

Cultivation of soil (either with or without crop
residue on the soil surface) reduces the thermal con-
ductivity within the tilled layer and thus the rapidity
of heat loss and frost penetration during winter. The
maximum depth of frost penetration can be reduced
by several centimeters as a result of tilling a bare soil
(Table 1). The extent to which tillage influences soil
frost penetration, however, will vary across regions
and landscapes as a result of the spatial variability in
snow cover. Snow cover tends to mask any difference
that soil surface characteristics (roughness, residue
cover) may have on heat exchange processes. Indeed,
as little as 15cm of snow is sufficient to insulate
the soil from atmospheric extremes. Changes in soil
thermal conductivity associated with tillage will also
influence the rate of soil thaw during spring. In the
absence of snow cover, tilled soil will thaw at a slower
rate during spring than a bare, nontilled soil. Com-
plete thaw of the soil profile, however, will occur
several days earlier in the spring for a tilled versus
nontilled soil. Thus, although the rate of thaw is
retarded by tillage, reduced frost penetration during
winter will result in an earlier thaw of a tilled soil
profile versus an untilled soil profile during spring.

Strip-and-ridge tillage systems have been used as a
management strategy to modify the soil microcli-
mate. Strip tillage implies row cultivation after har-
vest, resulting in alternate bands of cultivated soil and
residue-covered soil. The width of the band of culti-
vated soil may vary, but little additional advantage in
modifying soil microclimate is achieved for band

Table 1 Maximum depth of frost penetration during a winter
with little snowfall at three locations

Frost depth (cm)

Tillage Minnesota Oregon Sweden
Moldboard plow 74 26 61
No tillage, no residue 76 26 65
No tillage, residue 70 15 51

Sources of information include: Benoit GR, Young RA, and Lindstrom MJ
(1988) Freezing-induced field soil water changes during five winters in
west central Minnesota. Transactions of the ASAE 31: 1108-1114; Pikul JL,
Zuzel JF, and Greenwalt RN (1986) Formation of soil frost as influenced by
tillage and residue management. Journal of Soil Water Conservation

41: 196-199; Thunholm B and Hakansson | (1988) Influence of tillage on
frost depth in heavy clay soil. Swedish Journal of Agricultural Research

18: 61-65.
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Figure 3 Near-surface soil temperature on various aspects of
ridged and level (l) soil surfaces during a clear spring day in
Minnesota. (n, north; s, south; e, east; w, west.)

T
400

widths greater than 20 cm. The principal advantage
of this strategy is to bolster solar radiation absorption
within the cultivated row while retaining residue on
the soil surface to control erosion. The additional
energy absorbed can expedite thaw by several days
and increase temperatures by several degrees within
the cultivated rows during spring. Ridge slope and
aspect will influence radiation absorption and thus
the frequency and duration of soil freezing and
thawing. Ridges with a southerly exposure offer the
advantage of absorbing more radiant energy than any
other ridge aspect in the Northern Hemisphere.
Ridges with a south-facing aspect thaw sooner and
attain a higher daytime temperature than most other
ridge aspects. East-facing aspects thaw earliest on
clear days, although daytime temperatures are sup-
pressed during midday as compared to west-facing
aspects and level surfaces. Soil thaw and warming
are most frequently delayed on northerly aspects
(Figure 3).

Crop Residue Management

Crop residue is an effective material that can minim-
ize the erosion of soil by wind and water. Residues
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reduce the forces of wind and water that would other-
wise act upon loose particles at the soil surface. Resi-
dues also provide thermal protection to plants from
winter temperature extremes. Residues insulate the
soil surface from both winter and summer atmos-
pheric extremes by impeding the movement of heat
and water vapor between the soil and atmosphere.
Crop residue, therefore, retards heat loss from the soil
during winter as well as hinders warming of soil
during summer.

Crop-residue management includes strategies that
alter the amount and orientation of crop residue on
the soil surface. The amount and thickness of residue
lying on the soil surface determine to a large extent
the amount of thermal insulation afforded by the
residue layer. For example, an increase in the thick-
ness of the residue layer will enhance the resistance
for heat and water vapor exchange and therefore
sensible heat transfer between the soil and atmos-
phere. Percentage residue cover is also important in
determining the proportion of solar radiation inter-
cepted by the residue and the soil surface. Radiant
energy absorbed by residue is largely dissipated as
sensible heat to the atmosphere, thereby resulting in
little transfer of heat to the soil. Residue orientation
refers to the architecture of the residue canopy; orien-
tation can range from standing stubble to residue lying
prostrate on the soil surface. Standing stubble dissi-
pates wind energy at the soil surface and thus minim-
izes the effectiveness of heat and water vapor transfer
by convection from the soil to atmosphere. In cold and
windy regions, stubble is important in retaining or
trapping snow. Standing stubble also influences the
interception of solar radiation; taller stubble generally
traps more incident radiation and thus reduces the
proportion that is reflected from the residue surface.

Residue management strategies commonly em-
ployed to alter soil microclimate or protect the soil
from erosion include cutting stubble at various
heights above the soil surface at the time of harvest,
burning residue in the autumn or spring, and remov-
ing residue from the row (row cleaning) at the time of
sowing. Perhaps the most effective management strat-
egy for controlling erosion and moderating the soil
microclimate has been to cut stubble at various heights
above the soil surface. The winter thermal regime of
the soil can be dramatically altered by stubble height,
particularly in regions where snow is blown by strong
winds. Taller stubble retains or traps more snow on
the soil surface; the additional snow cover better insu-
lates the soil from winter atmospheric extremes. Taller
stubble effectively reduces frost penetration and
hastens thawing in the spring (Table 2).

Burning residue is an effective strategy commonly
employed in the autumn before the first snowfall and

Table 2 Maximum frost depth and day of complete soil thaw
during a cold, dry winter in Minnesota

Stubble height (cm) Frost depth (cm) Day of thaw
0, no residue 114 18 May
0 102 14 May
30 75 2 May
60 40 17 April

Adapted from Sharratt BS (2002) Corn stubble height and residue
placement in the northern US Corn Belt: |. Soil physical environment
during winter. Soil and Tillage Research 64: 243-252, with permission from
Elsevier.

in the spring after thaw. The ash-covered or bare
surface resulting from burning the residue offers little
thermal protection to the soil. Soils subject to residue
burning, therefore, rapidly freeze and thaw.
Removing residue from the seed row either prior to
or during sowing is new technology developed to
optimize the soil thermal regime in early spring. Little
is known, however, concerning the effect of this strat-
egy on the frequency and depth of soil freezing and
thawing. Nevertheless, row cleaning results in a
narrow band of bare soil that will thaw and warm
more quickly in spring. Daily temperatures can rise
2°C as the width of the soil band increases from 0 to
20 cm. Wider bands of bare soil have no effect on soil
temperature. The physical properties of residue also
influence heat and water transport between the soil
and atmosphere. Little is known, however, about the
extent to which soil microclimate can be altered by
changing residue properties. Residue color has been
exploited in an attempt to alter solar radiation ab-
sorption of a soil-residue system. Black residue
absorbs approximately 15% more radiant energy
than natural-colored residue, but little of this add-
itional energy is utilized in soil thawing or warming.

Soil Amendments

Soil amendments are often used in cold regions to
modify the thermal environment of plants. Plastic
and bituminous mulches are common amendments
used to bolster soil temperatures or expedite snow-
melt. These mulches maximize radiation absorp-
tion during the day as well as minimize soil heat loss
during the night. Plastic mulches not only have the
capability to moderate soil temperatures, but they
can also modify the soil moisture regime by reducing
evaporative loss from the soil. The color, thickness,
and composition of the plastic material will influence
the amount of solar radiation transmitted to and
absorbed by the soil surface. Although these proper-
ties (color, thickness, composition) influence radi-
ation absorption, color is perhaps the most widely
exploited for promoting soil warming. Black plastic



effectively absorbs solar radiation due to its low re-
flectivity, but little of the absorbed radiant energy is
transmitted to the soil beneath the plastic (the energy
is dissipated as sensible heat from the surface of the
plastic to the atmosphere). White plastic transmits
and absorbs little solar radiation owing to its high
reflectivity. Clear plastic allows a greater proportion
of solar radiation to be transmitted to the soil surface
than either black or white plastic; therefore soil tem-
peratures are typically greater under clear plastic than
black plastic mulch. Near-surface soil temperatures
can be enhanced by as much as 10-20°C using plastic
mulch in the early growing season. The largest degree
of moderation occurs during the daytime, but tem-
peratures can be raised by several degrees during the
nighttime.

Bituminous mulch has also been used to moderate
soil temperatures in cold regions. These mulches are
frequently used to hasten melting of snow and
warming of soil during early spring. The low reflect-
ivity of bituminous mulch results in high absorption
of solar radiation. The high thermal conductivity of
bituminous material and the good contact of the
material with the soil allow for efficient transfer of
absorbed radiant energy from the mulch to the soil.
Soil temperatures can be bolstered by several degrees
using bituminous mulch, thereby delaying the occur-
rence of soil freezing in autumn and accelerating the
occurrence of soil thawing in spring.

List of Technical Nomenclature

0, Volumetric ice content in soil

P Density of ice

o Density of liquid water

Py Water vapor density

C; Volumetric heat capacity of ice

C Volumetric heat capacity of water
C, Volumetric heat capacity of

crop residue
C Volumetric heat capacity of soil

E Rate of evaporation from the surface
of residue elements to void spaces
between elements

k. Combined conduction—convection heat
transfer coefficient for crop residue

kg Thermal conductivity of soil
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kg Thermal conductivity of snow
L¢ Latent heat of fusion
L Latent heat of sublimation
L, Latent heat of vaporization
Qi Liquid water flux
qy Water vapor flux
S Energy source or sink
T Temperature
t Time
W, Volumetric liquid water fraction in
snow pack
z Depth

See also: Conservation Tillage; Crop-Residue Man-
agement; Freezing and Thawing: Processes; Mulches;
Thermal Properties and Processes; Zone Tillage
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Introduction

Seasonally frozen soil strongly influences runoff and
erosion on large areas of land around the world. In
many areas, rain or snowmelt on seasonally frozen
soil is the single leading cause of severe runoff and
erosion events. As soils freeze, ice blocks the soil
pores, greatly diminishing the permeability of the
soil. This is aggravated by the tendency of water to
migrate to the freezing front, causing elevated ice
content and frost heave.

Soil freezing and thawing also play a role in a var-
iety of other environmental processes. Frost heave
poses significant problems for structures, roads, and
plant roots. Soil freezing and thawing can create
stress fractures and alter soil physical properties, in-
cluding pore continuity and aggregate stability; these
alterations can influence soil hydraulic properties and
erodibility long after the soil is thawed. Water migra-
tion associated with soil freezing can strongly influ-
ence solute movement. Artificial freezing of the soil
has been used to create a barrier in order to isolate
contaminants within the soil.

Freezing and thawing of the soil are controlled by
the complex interactions of heat and water transfer at
the soil surface governed by meteorological and en-
vironmental conditions at the soil-atmosphere inter-
face. Different types of frost may form, depending on
soil moisture content, rate of freezing, ground cover,
and soil physical characteristics. Soil permeability,
erodibility, and frost heave depend largely on the
type of frost formed.

Heat and Water Relations During
Freezing and Thawing

Due to negative water potentials, soil water exists in
equilibrium with ice at temperatures below the
normal freezing point of bulk water and over the
entire range of soil-freezing temperatures normally
encountered. When ice is present in the soil, the soil
matric potential is strongly influenced by the tempera-
ture. As temperature at the freezing front decreases,
more and more water freezes, water potential
becomes more negative, and liquid water content

continues to drop, creating a gradient in water poten-
tial and liquid water content. This drop in liquid
water content at the freezing front has a similar effect
to drying of the soil, and water migrates from moist
regions to the freezing front. This often results in
elevated ice content, ice lenses, and frost heave.
When ice is present, soil water potential is a func-
tion of temperature. This relation is expressed by the
Clausius—Clapeyron equation as:

6=t v = Lo+ ) 1

where ¢ is total water potential, 7 is soil water os-
motic potential, 1, is soil matric potential, T is abso-
lute temperature, Ty, is the freezing point of bulk
water (typically 0°C or 273.16 K), and L; is energy,
termed the latent heat of fusion, required to freeze
water. Thus, when ice is present in the soil, heat and
water flux through the soil are tightly coupled, i.e.,
the matric potential and therefore liquid water con-
tent are defined by the temperature and osmotic po-
tential. The relation between matric potential and
liquid water content defined by the moisture-release
curve is typically assumed valid for frozen conditions.
Darcy’s equation can be used to describe steady-
state, one-dimensional water flux through the soil:

o= k(M) )

where K is the unsaturated conductivity, ¢, is soil
water matric potential, v, is gravitational potential,
z is depth within the soil, and 9(¢, + 14)/0, is the
gradient in soil water potential. The transient mass
balance equation for water, including the effects of
freezing and thawing within the soil, can be written as:

89] Pi 801 o
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Terms on the left-hand side of the equation repre-
sent: the time rate of change of liquid water content,
and the time rate of change of ice content. Terms on
the right-hand side are: the gradient in water flux (i.e.,
the net flux of water into a layer of soil), and a source/
sink term for water. Here, 6; and 6, are volumetric ice
and water content, and p; and p, are the density of
ice and water. Eqn [3] states that the net liquid water
flux into a soil layer must equal the combined change
in ice and water content of the soil. When the net flux
is equal to zero, any change in liquid water content
must be offset by a change in ice content, adjusted for
the difference in density. Although this change in
density can result in expansion of the soil matrix, it
is not the primary cause of frost heave.
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Neglecting vapor flux terms, the equation used
for describing one-dimensional heat flow within a
partially frozen soil is:

or 06; 0 [k oT

E—PiLfaza—z Sa—z}_FS [4]

G
The terms in eqn [4] represent: energy stored in
the soil due to a temperature increase; latent heat
required to freeze water; net thermal conduction
into a layer; and a source term for heat added to
the soil. Here, C, is the volumetric heat capacity
of the soil, 9T/d¢ is the time rate of change of tem-
perature, L is the latent heat of fusion, and k, is
soil thermal conductivity. This equation states that
the net heat transfer into a volume of soil by
thermal conduction and source terms is offset by a
change in temperature and a change in ice content of
the soil.

Water Migration and Frost Heave

From eqn [1], as the temperature drops below freez-
ing and ice begins to form, the water potential be-
comes more negative. This creates a gradient in water
potential and causes moisture movement toward the
freezing zone. Water movement to the freezing zone is
described by eqn [2]. If water movement to the freez-
ing zone is sufficient, ice lenses occur, causing the soil
matrix to expand. In the case of vertical frost pene-
tration from the soil surface, ice lenses can cause the
soil to heave upwards if the pressure associated with
freezing exceeds overburden pressures.

The extent of water migration and ice accumula-
tion in the freezing zone is controlled primarily by
the rate of freezing front advance in relation to the
unsaturated hydraulic conductivity. When the soil is
frozen rapidly, there is little opportunity for water to
migrate to the freezing front and soil water is essen-
tially frozen in place. Similarly, if the unsaturated
conductivity is low, water migration to the freezing
front will be slow. Very dry and/or coarse-textured
soils have relatively low unsaturated conductivities
and exhibit much less frost-related water movement
and frost heave than moist, fine-textured soils. Ex-
cessive water migration and frost heave are experi-
enced most often when a very moist, fine-textured
soil is frozen relatively slowly.

Freezing Dynamics

Soil temperature and water dynamics during soil
freezing are shown for a silt loam soil in Figure 1.
Continuous measurement of near-surface soil ice con-
tent is problematic; however, liquid water content
during soil freezing can be measured quite accurately
with time domain reflectometry (TDR). Therefore,
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Figure 1 Simulated 10-cm soil temperature, as well as total

water content and simulated and measured liquid water content
of a silt loam soil for the 5-,10-, and 20-cm depths. (Adapted from
Flerchinger GN (2002) Coupled soil heat and water movement. In:
Encyclopedia of Soil Science. New York: Marcel Dekker, Inc., with
permission.)

for illustrative purposes, total water (liquid plus ice)
and liquid water content plotted in Figure 1 were
simulated by the simultaneous heat and water
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Figure 2 Simulated total water content and simulated and
measured liquid water content for a loamy sand soil for the 5-
and 10-cm depths. (Adapted from Flerchinger GN (2002) Coupled
soil heat and water movement. In: Encyclopedia of Soil Science.
New York: Marcel Dekker, Inc., with permission.)

(SHAW) model; measurements of liquid water con-
tent are plotted for comparison.

The 10-cm soil temperature plotted in Figure 1
shows several freeze—thaw cycles. Frozen conditions
can be observed from the water content plotted for the
5-, 10-, and 20-cm depths by separation of the simu-
lated liquid water content line from the total water
content line; the difference between the two lines is ice
content. Accumulation of ice and an increase in total
water content due to water migration to the freezing
front can be observed at all three depths plotted. After
9mm of rain and snowmelt on days 341 and 342,
simulated water content above 20 cm was decreasing
on day 343 due to drainage. After initiation of soil
freezing on day 344, direction of flow reversed, and
simulated water flow above 10cm was upward
toward the freezing front. Total water content of the
5-cm depth began to increase on day 344, while liquid
water content continued to decrease. As the frost front
advanced and the 10-cm depth began to freeze, water
migration into the 5-cm soil layer ceased, and the
10-cm total water content began to increase. Subse-
quently, the 20-cm depth began to freeze on day 347.

Soil water content is shown in Figure 2 for a loamy
sand soil, which is a much more coarsely textured soil

than the silt loam. Soil water dynamics for the loamy
sand are considerably less responsive to freeze-thaw
processes than the silt loam soil. Due to the low
unsaturated conductivity of the loamy sand, there is
much less moisture migration to the freezing front
than for the silt loam. As a result, increase in total
water content is much smaller.

Freeze-Thaw Impacts on Infiltration

Rain and/or rapid snowmelt on impermeably frozen
soil is the leading cause of severe flooding and erosion
in many areas of the world. Soil freezing can dramat-
ically reduce the soil’s infiltration capacity. Ice blocks
the soil pores, resulting in large runoff events from
otherwise mild rainfall or snowmelt events.

The permeability of frozen soil is affected by the
occurrence, depth, and ice content of the soil, which is
dependent on the interrelated processes of heat and
water transfer at the soil surface and within the soil
profile. Soil freezing and thawing can also alter soil
physical properties or structure that impact infiltra-
tion. Changes in aggregate stability or stress fractures
caused by freezing affect soil structure and pore con-
tinuity and thus affect infiltration even after the soil is
thawed.

The type of frost formed influences soil permeabil-
ity after freezing. Soil frost may be divided into four
types: granular, honeycomb, stalactite, and concrete.
Granular frost is usually found in woodland soils
containing organic matter. It consists of small frost
crystals, which aggregate around soil particles, but
remain separate from each other. Honeycomb frost
is commonly found in highly aggregated organic soils
and has a loose porous structure, which resembles a
honeycomb. Both granular and honeycomb frost
typically have high infiltration rates. Stalactite frost
often forms in bare soil, which is saturated at the
surface. This type of frost consists of loosely fused
columnar ice crystals and absorbs water rapidly be-
cause of its open porous structure. Concrete frost
usually forms in bare, fine-textured, agricultural
soils where upward migration of moisture is signifi-
cant. It is characterized by a complex formation of
many thin ice lenses and leaves the ground very hard,
much like concrete. Depending on water content,
concrete frost can be almost impermeable.

Frozen soil infiltration rates decrease dramatically
with soil water content. Water is held less tightly in the
large pores, therefore the largest pores that contain
water at the time of freezing are the first to freeze.
When these larger pores, which conduct water more
readily, are blocked by ice, the tortuosity of flow
paths increases and permeability and infiltration are
severely reduced. Infiltration into a frozen, relatively
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dry silt loam can typically decrease from 1.0cm h™!
t0 0.01 cm h™' as the water content increases to near
saturation.

Ice lenses that form due to water migration from
the unfrozen subsoil toward the freezing front have
an added effect on infiltration. These lenses, typically
formed in wet soils having a high proportion of silt,
are often a barrier to infiltration. Melting of ice lenses
during infiltration influences the temporal variation
in infiltration. If ice lenses melt during an infiltration
event, infiltration rate can nearly return to unfrozen
infiltration rates.

Tillage and surface characteristics that alter po-
rosity and water and heat transport processes can
influence infiltration. Tillage processes that create
macropores typically have a positive effect on infil-
tration. Unless the soil is extremely wet, macropores
are not filled with water at the time of freezing and
remain open for infiltration. However, tillage is likely
to have little effect on infiltration if the freezing front
descends below the depth of tillage.

Knowledge of frozen-soil infiltration processes lags
considerably behind nonfrozen processes. Accurate
quantitative descriptions or algorithms of frozen soil
infiltration are lacking, partly due to experimental
difficulties in measuring infiltration into frozen soil
and characterizing the ice content and structure
within the frozen soil. With the exception of expen-
sive laboratory techniques such as nuclear magnetic
resonance (NMR), there are no quantitative means of
directly measuring ice content and structure in the
soil, which is the single most important factor
affecting infiltration potential upon freezing. Ice con-
tent can be computed as the residual between liquid
water content measured by TDR and total water con-
tent measured by neutron probe or gravimetric
samples; however, the sampling volumes of these tech-
niques are dramatically different, making accurate
measurement of ice content difficult.

Our understanding of frozen-soil infiltration pro-
cesses is further hampered by the fact that ice con-
tent, pore blockage, and infiltration rate change as
water infiltrates into frozen soil. Introducing water
into frozen soil causes freezing of the infiltrating
water, thawing of the ice contained within the soil,
or both. Thus, there is no steady-state infiltration
rate analogous to that in unfrozen soil. An ap-
proach to circumvent this problem is to use an alter-
nate fluid that remains viscous at subfreezing
temperatures. Fluids such as ethylene glycol and air
have been used as test fluids for characterizing infil-
tration of frozen soils. Measured permeability for
these alternate fluids can be related to hydraulic con-
ductivities by accounting for differences in density
and viscosity.

Various approaches exist for estimating infiltration
of frozen soils. Depending on the level of sophistica-
tion, adjustments for frozen conditions may be based
on: simply whether the soil temperature is below freez-
ing; the amount of ice present in the soil; or the avail-
able porosity remaining in the frozen soil. Very simple
approaches use essentially a simple on/off switch for
accounting for frozen-soil effects, in which the curve
number or hydraulic conductivity is set to an arbitrary
value to cause reduced infiltration when the soil is
frozen. Slightly more sophisticated methods use an
adjustment factor to hydraulic conductivity based on
antecedent water content or ice content of the soil.
Many detailed approaches for estimating infiltration
in frozen soils assume the hydraulic conductivity and
water retention characteristics are the same for frozen
and unfrozen soils. Thus, hydraulic conductivity for
infiltration is based on the unsaturated hydraulic con-
ductivity computed from the available porosity (total
porosity less volumetric ice content).

Freeze-Thaw Impacts on Soil Erodibility

As soil freezes, water migration to the freezing front
can cause ice lenses to form. When the ice lenses melt,
the soil often cannot reabsorb all of the excess
water, particularly if an impermeably frozen layer
still exists below the thawed layer. This supersatur-
ated state results in soil that is extremely weak and
susceptible to erosion. However, after drainage and
consolidation, soil strength returns. Thus, partially
thawed and thawed but unconsolidated soil is highly
susceptible to erosion.

Shear strength of a soil is indicative of its resistance
to erosion. Specifically, it is defined as the resistance
to deformation by the action of tangential (shear)
stress. Soil shear strength is made up of cohesion
between particles and resistance of particles sliding
over each other due to friction or interlocking. Cohe-
sion is composed of true cohesion and apparent cohe-
sion. True cohesion is a function of soil mineralogy
and results from chemical bonds between particles.
Apparent cohesion, however, is determined by water
tension within the soil and is strongly influenced by
water content. As the soil thaws at a high water
content, soil strength due to apparent cohesion is nil.

Shear stress, T, caused by water flowing over the
soil surface, is defined as:

T =1RS [5]

where R is the hydraulic radius of the flow, v is
density of water, and S is the slope of the channel of
surface. The minimum amount of shear stress re-
quired to initiate particle movement is termed the
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critical shear stress, 7., which is a measure of the
soil’s shear strength. Soil detachment is computed as:

D =oa(r— Tcr)g (6]

where « is referred to as soil erodibility and 3 is a
fitted exponent. Studies on thawing soils have shown
that moisture content has some effect on 7., but the
major effect is on «, the soil erodibility. The erodibil-
ity of a soil thawed at S-cm water tension can be
approx. 14 times that of the same soil thawed at
45 cm of tension. However, the thawed soil can regain
its strength upon drying after tensile forces related to
water tension are restored. This strength can be re-
stored in a matter of hours if an impermeable soil
layer thaws and allows drainage to occur or if strong
evaporative conditions exist. Thus, shear strength can
fluctuate dramatically, and timing of rainfall or snow-
melt during the first hours of thawing can make a big
difference to the erosion that occurs.

Freeze-Thaw Impacts on
Aggregate Stability

Aggregate stability, a measure of an aggregate’s resist-
ance to breakdown when subjected to external forces,
is an important soil property, because soil suscepti-
bility to water and wind erosion increases as aggregate
stability decreases, in general. Moreover, many soil
physical and hydraulic properties, such as surface-
sealing rate, infiltration rate, and hydraulic conduct-
ivity, are influenced by aggregate stability. In addition,
on medium-textured soils with unstable surface aggre-
gates, crusts can form that hinder or, in some cases,
prevent the emergence of seedlings of sown crops.

Mode of Action

As the soil temperature drops below freezing, ice
crystals form in the soil matrix, forming first in the
soil pores. Once a crystal forms, water flows to the
crystal due to a potential gradient, enlarging it, which
exerts pressure on nearby aggregates. If those aggre-
gates are constrained and cannot move away from the
expanding ice crystal, the pressure exerted upon them
can fracture the aggregates directly or develop planes
of weakness that can, upon subsequent wet-sieving,
cause the aggregates to fracture.

Factors Affecting the Impact

Antecedent water content is the greatest single fac-
tor that determines how an aggregate responds to
freezing. Aggregate stability decreases, often linearly,
with increasing water content at freezing. This rela-
tionship appears to hold for many soils ranging in
texture from sandy loams to silty clays. As soil

water contents increase, more water is available to
form ice crystals or ice lenses. Moreover, wetter soil
has more water-filled pore space and thicker water
films surrounding soil particles, increasing the area
through which unsaturated water flow can occur.
Also, in wetter soil, tortuosity is less, thereby
shortening the water’s flow path and speeding its
movement to the ice crystal, increasing the latter’s
rate of expansion. To preserve aggregation and
reduce erosion in temperate regions, it is often recom-
mended that producers minimize autumn soil water
contents near the soil surface, whenever possible.

The rate at which soil freezes determines in large
measure the impact of freezing on soil structure,
principally by affecting water redistribution within
the soil. If the upper, moist horizons of a soil freeze
quickly, that is, if the air temperature decreases
sharply, water in those horizons is essentially frozen
in place. Consequently, ice lenses, even if they form,
do not thicken appreciably and do not compress
nearby soil. On the other hand, if a relatively wet
soil freezes slowly, water moves to an ice lens
and freezes there, thickening the lens, and causing
structural deterioration and frost heave.

Soil texture and organic matter also influence ag-
gregate response to freezing. Soils containing high
proportions of sand are easily weakened or even frac-
tured. On the other hand, soils with a lot of clay are
better able to withstand pressures exerted by nearby
ice-crystal enlargement, probably because of add-
itional bond strength provided by more or stronger
clay bridges that form between silt and/or sand par-
ticles within the aggregate. Organic matter, known to
increase the stability of unfrozen aggregates with
diameters greater than 0.25 mm, also strengthens ag-
gregates that are later subjected to freezing stresses,
providing the water content at freezing is not too
great. Elasticity provided by organic matter may
enable aggregates from medium-textured (or finer)
soils frozen at relatively low water contents to with-
stand ice-lens expansion pressures before fracturing.
Awvailable data indicate that organic matter contents
of 3% or more are particularly beneficial for soils that
are medium-textured or finer.

The number of freeze—thaw cycles that an aggre-
gate experiences also determines how stable the
aggregate is after freezing, with responses being
somewhat soil-dependent. In the past, aggregate sta-
bility was thought to decrease as freeze-thaw cycles
increased, beginning with the first freeze-thaw
cycle and continuing monotonically thereafter. Most
early research subjected initially air-dried aggregates
to many freeze-thaw cycles, often five to ten or more.
Recent research, however, has demonstrated that
aggregates that have not been air-dried between
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Figure 3 Aggregate stability of four soil types measured
after freeze-thaw cycles. (Bars represent 95% confidence inter-
vals.) (Reproduced from Lehrsch GA (1998) Freeze—-thaw cycles
increase near-surface aggregate stability. Soil Science 163:
63-70.)

sampling and analysis often increase in stability with
the first two or three freeze—thaw cycles (Figure 3).
The imposition of many freeze—-thaw cycles does
indeed decrease aggregate stability; what was seldom
recognized was that just a few cycles could increase
the stability of aggregates from medium- and fine-
textured soils. It has been postulated that ice forma-
tion in interaggregate pores and the initiation and
early enlargement of ice lenses increase particle-to-
particle contacts. Migration of water to the enlarging
lens then dries the soil matrix surrounding the ice
lens, positioning polysaccharides on soil particle sur-
faces, gathering and arranging clay domains at points
of contact between soil particles, and/or precipitating
slightly soluble bonding agents such as CaCO3, silica,
or iron oxides at contact points. These processes help
aggregates reform and increase in strength, after
thawing.

It is particularly interesting that aggregate stability
often increases with the first few freeze-thaw cycles
but then decreases as more and more freeze-thaw
cycles accrue (Figure 4). Opposing forces may be
responsible for such phenomena. A force serving to
strengthen aggregates may be the result of the precipi-
tation of slightly soluble bonding agents at points of
contact between soil particles during the first few
cycles. An opposing force that weakens aggregates
may be due to ice-lens formation, compression of
nearby aggregates, and development of fracture
planes. The strengthening process may well occur,
and be dominant, for the first two or three freeze—
thaw cycles, until most bonding agents have been
precipitated from the soil solution. As freeze-thaw
cycles continue to accrue, however, more and more
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Figure 4 Effects of freeze-thaw cycles on aggregate stability at
different soil depths. (Bars represent 95% confidence interval;
AS denotes aggregate stability; FTC denotes number of freeze—
thaw cycles.) (Reproduced from Lehrsch GA (1998) Freeze—-thaw
cycles increase near-surface aggregate stability. Soil Science 163:
63-70.)

fracture planes may be formed in aggregates near
where the ice lenses formed. This persistent
weakening process may then begin to play the
dominant role, decreasing aggregate stability after
two or three cycles, as suggested by the fitted curves
in Figure 4 and commonly reported in the literature.

Aggregates that are constrained from moving
about either in a sample or in a soil 